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This project focuses on the inhibition of copper corrosion in both ambient air and
aqueous media through the use of self-assembled organic thin films. The characterization
is done by electrochemical and spectroscopic techniques. The important factors such as
the physical structure, chemical configuration and experimental conditions, which affect
the inhibition efficiency of the organic molecules against copper corrosion, are analyzed.
The effectiveness of a corrosion inhibitor depends on a number of factors, such as
the structure and the chemical make-up (i.e., functional groups) of the inhibitor, the
stability of the chelate and the experimental conditions, such as the inhibitor
concentration, the temperature of deposition, deposition time and the types of solvents
used. The stability of the chelate is an important factor in determining the inhibition
efficiency of the inhibitors. The packing density of the inhibitor molecules on the copper
surface also plays an important role in influencing the film inhibitive properties as a
greater barrier against the transport of corrosive species. The effects on the inhibition
efficiency of different substituted functional groups on the benzene ring of an aromatic
inhibitor is critical to its inhibition efficiency, as it is strongly affected by the type or
nature of the substituent and the position of the substituted functional group on the
aromatic organic molecule.
These studies are further extended to characterizing corrosion products on copper
trenches used in making microelectronic integrated circuits. Cu, C, F and O–containing
vi
corrosion products and contaminants are found on the copper surfaces and the sidewalls
of the multi-layer dielectric stack of the patterned trenches used in making integrated
circuitry during the fluorocarbon etching of the copper trenches. The efficacy of the
cleaning methods (plasma treatments and different chemical solvents) currently
employed in the wafer fabrication plant in removing these corrosion products is
evaluated. The feasibility of adding inhibitors to the chemical solvents/strippers is tested
and is determined to be able to impede copper corrosion by reducing corrosion rate and
corrosion current density, thereby having promising uses.
vii
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1.1 GENERAL BACKGROUND
Copper is the most popular and common non-ferrous metals used in our daily life
and industries for many centuries. In addition, it is widely used as a plumbing material
due to its thermodynamic stability and bacterial-killing effects [1]. In 1975, water pipe
corrosion costs were evaluated to reach $700 million in the United States  [2]. The
corrosion rate of copper is lower than that of carbon steel that is traditionally used in
neutral tap water. However, over time, low rate of uniform corrosion can lead to
undesirable traces of copper in the tap water, resulting in cuprosolvency  [3].
The development of the integrated circuit (IC) in the early 1960s in the
semiconductor industry, aluminum has been most widely used for the wiring structures as
the main conductor and silicon dioxide as the insulator. In 1997 the transition to copper
as the conductor was initiated by International Business Machine (IBM) as they had
developed  technology for forming copper interconnect lines and vias for IC applications.
This was one of the most important changes in materials that the semiconductor industry
has experienced since its inception. Advanced Microelectronics Device (AMD)
reportedly applied Cu to its microprocessor circuits at the 0.18 um technology node since
that breakthrough, enabling it to introduce the first Giga-Hertz rated microprocessor in
March 2000. As a result, copper is poised to take over as the main on-chip conductor for
all types of ICs [4-5].
2There are two primary advantages that copper interconnects provide over
traditional aluminum that have been used ever since the ICs were invented in 1961:
(i) Copper’s resisitivity that is approximately 40% lower than that of Al (r Cu =
1.7 Wm -cm versus r Al = 2.7 Wm -cm), and 50% lower than the Al:Cu alloys
used in IC interconnects (r Al:Cu (0.5 at%) = 2.9 - 3.3 Wm -cm). Therefore a
reduction in the wiring resistance of as much 45% can be obtained when
copper replaces Al as the main metallurgy material, as resistance-capacitance
(RC) time-delay scales directly with r .
(ii) Copper films exhibit much better electromigration (EM) resistance and stress-
void resistance than Al films. EM is an atomic-scale phenomenon in which
electrons that constitute electric-current collide with metal-atoms of an
interconnect line and push them in the direction of the current-flow. If the
electron wind is strong enough, a significant migration of the metal atoms will
occur. Over time this transport of material can lead to the electrical failure of
the interconnect in breaking a line due to local depletion of material or in the
formation of a short-circuit to an adjacent line due to local accumulation of
material. Since Cu atoms are more massive and more tightly bound together
than Al atoms, interconnects made of Cu are generally more resistant to
electromigration than those made of Al or Al:Cu, namely they exhibit 10-100
times higher EM resistance.
Although many powerful benefits can be gained if Cu is substituted for Al in the
IC interconnect structure, Cu has been shown to be susceptible to oxidation, corrosion
and low chemical resistivity [6-7] in comparison to Al. In particular, the corrosion of Cu
3in air or a humid environment when it is exposed to ambient air and the chemical
corrosion, which occurs when the Cu lines are in contact with the process fluids due to
the chemical properties of such fluids have been recognized as a major problem in Cu
interconnect metalization. Since Cu is easily oxidized and, unlike Al, it does not form a
self-passivating surface oxide layer, the conventional oxygen plasma process that is used
to remove the photoresist after via etching with Al-based interconnects causes
unacceptable fast oxidation of Cu. Therefore, it is important to develop cleaning methods
to remove the corrosion products from the contaminated Cu surface after reactive ion
etching (during IC fabrication) in order to obtain good electrical characteristics. The Cu
corrosion and contamination products are deposited on the via sidewalls and top surfaces
by sputtering the Cu surface during etching of the vias. The plasma-exposed surface is
contaminated with carbon, fluorine and Cu compounds [8-9]. These Cu contaminants on
the dielectric sidewalls have to be removed, since Cu diffuses readily into SiO 2 [10].
Despite the extensive use of copper materials, the history of research development
on corrosion processes of the metal dates back about a century. The corrosion behavior of
copper in strong electrolytes has been the subject of extensive research only in the last
five decades. The protection of Cu from corrosion is an area of great concern. Much
effort has been devoted to the development of protection strategies in combating
corrosion. Among the various strategies, the use of inhibitors, which reduce and
minimize the rate of corrosion, is one of the most common and effective methods of
metal protection. Among the many organic substances used in the protection of copper,
benzotriazole (BTA) has been shown to be an excellent inhibitor in aqueous solutions. It
has have been used practices for decades and is still widely used.
41.2 CORROSION & ITS CLASSIFICATION
Corrosion is the destructive attack of materials during their useful life by
environmental factors. A US study puts the direct costs of corrosion at about 4.9% of the
GNP of an industrialized nations [11] and that does not include the indirect costs due to
contamination, power failures and ultimately the loss of efficiency. Corrosion also
depletes our natural resources, as it is estimated that 40% of the copper in production is
used to replace copper lost to corrosion [12].
Corrosion has been classified in many diverse ways. Classification can be based
on the environment, in which corrosion occurs, such as low-temperature and high-
temperature corrosion, direct oxidation, electrochemical corrosion, dry corrosion and wet
corrosion. Corrosion is broadly divided into general corrosion and localized corrosion.
General corrosion, the most common form of corrosion, results in greater destruction of
materials by weight. It is caused by chemical and electrochemical reactions that proceed
uniformly over the entire exposed area. It leads to progressive thinning of materials.
Localized corrosion limits its attack to specific area or parts of a structure. There are
several forms of corrosion [13]:
(i) Galvanic corrosion – when two dissimilar metals are coupled in the presence
of a corrosive electrolyte, one of them is preferentially corroded than the
other. The driving force for galvanic corrosion is the potential difference
between the two metals.
(ii) Crevice corrosion – corrosion rate of a metal is often greater in the small
volume of the crevice created by contacting with another material. It is
5believed that crevice corrosion is driven by concentration differences in metal
ions or dissolved oxygen between the crevice interior and its surroundings.
(iii) Pitting corrosion – localized attack on an otherwise resistant surface produces
pitting corrosion. The pits may be deep, shallow or undercut. Pitting corrosion
usually is initiated by the breakdown of a protective native film on the metal.
(iv) Intergranular corrosion – grain boundary or adjacent regions are often less
corrosion resistant and preferential corrosion at the grain boundary may be
severe enough to drop grains out of the surface due to reactive impurities
segregating out or passivating elements such as chromium may be depleted at
the grain boundaries.
(v) Dealloying (selective corrosion) – an alloying element that is active (negative
electrochemically) to the major solvent element is likely to be preferentially
corroded.
(vi) Erosion corrosion – caused by the rapid movement of the corrosive agent over
the metal surface. Generally, mechanical wear or abrasion is involved.
(vii) Stress corrosion crack (SCC) – from the combination of a tensile stress and
the presence of a corrosive environment. In stress corrosion cracking, the
metal is virtually unattacked over most of its surface, while fine cracks
propagate through the surface.
61.3 CORROSION PROTECTION TECHNOLOGIES
Corrosion is a natural phenomenon that cannot be totally eliminated. However,
the extent of its occurrence can be mitigated by the following methods applied singly or
in combination [13]:
(i) Material selection – Choice of the proper metal or alloy is the best method of
reducing corrosion in a particular service. Most corrosion problems originate
either from an improper design or an improper material selection. The metal
in use must be compatible with the application environment. Such knowledge
is either based on the present understanding of the interactions between the
metal and the corrosive environment, or from reliable and sensitive
measurements of corrosion resistance under application conditions.
(ii) Alteration of application environment – Change of the environment provides a
versatile means of corrosion control. Typical measures may include reduction
of the corrodent concentrations, lowering of the operating temperature and
flow rate and removal of oxidizers. However, due to operational and
processing constraints, not all of these changes can be implemented in practice
(iii) Design - Good mechanical design is important, as the designer should
consider mechanical strength requirements together with an allowance for
corrosion. Dissimilar metals, vapor spaces, uneven heat and stress distribution
lead to corrosion problems. A conscientious effort to make conditions as
uniform as possible throughout the system should be exercised in the design.
(iv) Use of corrosion inhibitors – A corrosion inhibitor is a substance added to the
system, which acts to decrease the corrosion rate. Inhibitors are often
7classified by the mechanisms of their protection in corrosion. Inhibitors,
which polarize the anodic, cathodic or both processes of corrosion, are called
the anodic, cathodic and mixed inhibitors, respectively. Inhibitors can also be
classified by their chemical nature (i.e. organic and inorganic inhibitors,
oxidizing and non-oxidizing inhibitors) and by the fields of their applications
(i.e. pickling, descaling, acid cleaning, cooling water systems, etc.). Inhibitors
must interact strongly with the metal surface in order to moderate the
reactivity of metal in corrosion reactions. The metal is protected by several
mechanisms, including changes in the electric double layer, the formation of
surface barrier layers, the passivation of the metal surface and the intervention
in the partial reactions of corrosion. Most inhibitors have been developed
empirically and many are proprietary formulations with undisclosed
compositions. This made the selection and design of an appropriate inhibitor
for a particular service remains largely an art.
(v) Cathodic protection - Corrosion of metal can often be reduced by connecting
the metal to an external electrical supply. In cathodic protection, the metal is
polarized cathodically, enabling the current to flow from the environment to
the metal to reduce corrosion. Cathodic protection can be effected through the
galvanic coupling of two metals. Generally, cathodic protection of metals in
acids is not suitable due to of the large current density required. It also causes
significant hydrogen evolution and the ensuing problem of hydrogen
embrittlement of the metal. Cathodic protection is therefore mostly used under
8moderately corrosive conditions, particularly as a supplement to protective
coatings.
(vi) Anodic protection – This is based on the passivation of metal by the anodic
current e.g. a protective oxide film is formed on the metal surface to retard
metal dissolution due to corrosion. This technique is only applicable to metals,
such as nickel, iron, chromium, titanium and their alloys, which exhibit
distinct active-passive transitions. Anodic protection can be applied in weak to
very aggressive corrosive environments. Part of the metal is nevertheless
consumed during the formation of the passive film. Furthermore, anodic
protection is not effective in a Cl- environment due to passive film breakdown
and subsequent induction of pitting corrosion.
(vii) Use of protective coatings - A protective coat is often applied to further
reduce corrosion. Coatings are classified based on materials into four main
types: metallic coatings, polymeric coatings, conversion coatings and glass
and cement coatings. The metal in a metallic coat can be a noble metal that
insulates the underlying base metal from the corrosive species, or an active
metal, that provides protection by galvanic action sacrificing itself in due
course, e.g., zinc coating. A polymeric coat is first and foremost a barrier
layer, but can also serve as a reservoir for corrosion inhibitors. Conversion
coatings such as phosphates, chromates and mixed oxides are produced by the
controlled corrosion of metal to form adherent and protective corrosion
products on the metal surface. Glass and cement coatings are primarily used in
9acid and wastewater applications to increase the corrosion resistance of
metals.
However, no coating is permanently impervious and defects will develop with
age, providing an avenue for localized corrosion. Therefore coatings are best
administered in conjunction with other corrosion protection techniques, for example with
cathodic protection to enhance the overall protection efficiency.
1.4 CORROSION TESTING BY ELECTROCHEMICAL METHODS
Metallic corrosion occurs when metal atoms are oxidized and subsequently leave
the metal lattice as ions. Valence electrons associated with metal ions are left behind on
the metal, creating an excess of electrons at the metal surface. The oxidation of metal
atoms to ions is referred to as an electrochemical reaction, because it is a chemical
reaction that involves the generation and transfer of electrons to electrochemically active
dissolved species in the electrolyte. The transfer of electrons enables electronic
measurements and the study of metallic corrosion. This implies that there are
simultaneous cathodic and anodic reactions occurring at the metal surface.
Electrochemical corrosion tests have been attractive to many investigators, because they
operate on the mechanism of the corrosion and offer an efficient way to accelerate the
corrosion process. Corrosion rate can be expressed in terms of current density by means
of the Faraday’s law. The conversion between metal penetration rate and corrosion
current density is given as follows [14]:








where icorr is the corrosion current density, r  is the specimen density and Eq. wt is the
equivalent weight of the metal. In general, the corrosion current density shown in
Equation (1.1) is not directly measurable, because it is exactly balanced by a cathodic
current density. However, it is possible to estimate the corrosion current density by a
variety of techniques as follows:
Polarization techniques for estimating the corrosion current as the rate of both
cathodic and anodic reactions usually follow the Tafel equation:
ibaE log+= (1.2)
Here, E is the electrode potential of the specimen, i is the current density of the
electrochemical reaction, and a, b are constants. The b constant in this equation is
referred to as the Tafel slope and is usually expressed in mV per decade. The corrosion
current can be used to estimate whether corrosion follows the Tafel behavior or not.
Different techniques can be used to estimate corrosion currents: The specimen can be
polarized to potentials at least 50 mV more negative than the open circuit corrosion
potential and obtain a reliable Tafel line can be obtained. Subsequently, the current
density data can be obtained by extrapolating to the corrosion potential with a semi-
logarithmic plot or a curve fitting method. Another technique requires that both cathodic
and anodic polarizations to be carried out and the corrosion current is obtained at the
intersection of the anodic and cathodic extrapolated lines as shown in Figure 1.1.
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Figure 1.1: Potentiodynamic (Tafel) polarization plot [14].
An alternating current technique can provide more information in selected cases
[14-16]. An AC impedance measurement is a technique that has made rapid advances
since the 1960s. As the impedance is measured over a broad range of frequencies, it can
provide information that cannot be obtained within the time scale of a DC measurement.
Another attraction of the AC method is that it uses a periodic signal to improve the
signal/noise ratio for small perturbations. For sufficiently low frequencies, the modulus
of the impedance, Z, will be equal to the polarization resistance. Therefore, the AC
impedance provides an alternative method for measuring the corrosion rates. In the case
of AC measurements, because both the amplitude and the phase of the current response to
a sinusoidal potential perturbation are known, the relative contributions of these two
terms can be distinguished. The normal way of characterizing the behavior of an
electrochemical system in AC experiments is in terms of model circuits composed of
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passive elements (i.e., resistors, capacitors and inductors), plus a frequency dependent
component, the Warburg impedance, where diffusion phenomena are involved. This
simplest model can be considered as an equivalent circuit with a parallel combination of
double layer capacitance Cdl and polarization resistance Rp in series with the solution
resistance Rs, which corresponds to the simplest physical situation at an electrode surface
(Figure 1.2). The response of this circuit on a Nyquist plot (Z”, the imaginary part of the
impedance against Z’, the real part) is easily recognized as a semicircle. The diameter of
the circle yields Rp. The relationship between the capacitive reactance magnitude, the





where C is capacitor capacitance and maxw equals 2p times the frequency at the apex of
the semicircle in the complex plane plot. Thus the double layer capacitance can be
calculated from the frequency at the top of the semicircle (Z” maximum).
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Figure 1.2: A Nyquist impedance plot with an equivalent circuit diagram [14].
It must be emphasized that there will often exist different model circuits, which can
produce identical impedance responses. However, the component values in these circuits
will sometimes allow improbable arrangements to be eliminated.
1.5 OBJECTIVES & SCOPE
Owing to the widespread applications of copper especially in the microelectronic
industry, it is therefore necessary to have a better understanding of its corrosion
characteristics and also to develop effective organic inhibitors for copper protection
under various process conditions. In spite of the considerable efforts over the years to
understand and develop effective corrosion inhibitors, many challenges remain both in
the understanding the specific details of the factors that influences the efficiency of an
inhibitor. It is also important to determine an effective cleaning method to remove the Cu
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corrosion products and contaminants from the fabricated copper lines in the
semiconductor industry after plasma etching to obtain good electrical characteristics.
The overall objectives of this project are to investigate the factors that influence
the inhibiting efficiency of the organic inhibitors used in protecting copper metal from
corrosion and to determine an effective cleaning method to remove the corrosion
products and contaminants after plasma etching in the microelectronic applications.
1.6 ORGANIZATION & PRESENTATION OF THESIS
This thesis is organized into six chapters including the introductory
chapter. Chapter 2 is a literature review on the various aspects of an effective corrosion
inhibitor for Cu including chemical (i.e., functional groups) and physical (i.e., structure)
characteristics, assembly, forces of interaction, adsorption and other external parameters
(e.g., temperature, concentration, immersion time and solvent used). Chapter 3 provides a
comparative study on the corrosion protection of copper by the self-assembly of azoles
and alkanethiols for protection of Cu. This study focuses on both the chemical/physical
characteristics of the inhibitors as well as external parameters viz. the experimental
conditions. Chapter 4 presents the effects on the inhibition efficiency of substituted
functional groups on the benzene ring of the aromatic inhibitors, as the inhibition
efficiency of an aromatic inhibitor against corrosion is strongly affected by the type or the
nature of the substituent and the position of the substituent on the aromatic molecule.
Chapter 5 evaluates the efficacy of the cleaning methodologies used in current wafer
fabrication plant in removing corrosion products from the copper trenches used in current
15
microelectronic applications. Finally, Chapter 6 summarizes all the salient findings of
this research project.
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CHAPTER 2
LITERATURE REVIEW OF COPPER CORROSION
INHIBITORS
                                                                                                                                                
A literature review is presented in this chapter to provide a general background of
the documented research studies on the topics pertaining to our research. Three major
aspects are: (1) Corrosion behavior of Cu in sulfuric acid solutions. (2) Corrosion
protection of copper by the means of organic inhibitors. (3) Basic concepts of Self-
Assembled Monolayers.
2.1 COPPER CORROSION IN SULFURIC ACID SOLUTIONS
The anodic dissolution behavior of Cu in sulfuric acid solutions was studied
electrochemically as early as the 1950’s by Mattsson and Bockris [1]. They showed that
in acidic CuSO4 solutions, the anodic dissolution of Cu and deposition were under
activation control and the Tafel slope for cathodic deposition was about three times
greater than that of the corresponding anodic dissolution. This indicates that the redox
process between Cu2+ and Cu+ is the rate-determining step, whilst Cu+ existed in a
reversible equilibrium with Cu at the electrode surface:
-+ +¾®¾ eCuCu fast (2.1)
-++ +¾®¾ eCuCu slow 2 (2.2)
In an aerated sulfuric acid solution, corrosion of copper occurs as a result of two reactions
[2-5]:
-+ +® eCuCu 222 2 (2.3)
18
-+-++ +®+++ eCueHOCu 22242 22 (2.4)
The above reaction (2.4) is considered to be the rate-controlling step. In the presence of
Cu2+ ions, the metal Cu will be oxidized readily to Cu+:
++ ®+ CuCuCu 22 (2.5)
The corrosion rate and the mechanism have been shown to depend on the impurities in
the metals and in the acid solutions. Zembura and Bugajski [6] reported that the corrosion
rates of Cu in sulfuric acid solutions were markedly accelerated by the presence of
oxygen in the metal. They observed that the anodic dissolution of Cu occurred in the
activation regime, but cathodic reduction of dissolved oxygen in the solution depended
on the solution temperature. The Cu corrosion resulting from oxygen depolarization
occurred in the activation control regime over a temperature range of 5 – 350C; in the
mixed kinetic regime over a range of 45 – 550C; and over a range of 65 - 750C in the
diffusional regime with respect to the dissolved oxygen in the acidic medium.
Cuprous oxide (Cu2O) is readily formed when a fresh Cu surface is exposed in
air. This air-formed oxide will only be dissolved very slowly, even in a strong acidic
solution. Wu et al. [7] reported that an air-formed cuprous oxide was detected on the Cu
surface using X-ray Photoelectron Spectroscopy (XPS) after 160 hours of immersion in
0.5 M H2SO4 solution. The existence of an oxide film on Cu may affect to some extent
the corrosion behavior of Cu in acidic solutions, especially in weakly acidic media.
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2.2 ORGANIC CORROSION INHIBITORS
2.2.1 Benzotriazole (BTA)
BTA has been the most popular inhibitor used for the protection of copper and its
alloys for many years [8-14]. It was reported that Cu was completely protected for 6-90
days in acidic and neutral solutions with a BTA concentration of 10 ppm. At a
concentration of 20 ppm, satisfactory protection was achieved for Cu in a closed-circuit
water-cooling system [15]. In an electric power plant, 5 ppm BTA was recommended to
inhibit the corrosion of the hollow Cu conductor in the stator of the electric generator
[16]. BTA is also one of the best inhibitors for the tarnishing prevention of Cu alloy [8].
Two techniques are generally used; the first method involves the immersion of Cu alloys
parts in a 0.25% aqueous solution of BTA at 60 0C for 2 minutes. This operation can be
conducted at a low temperature. However, the adsorbed layers appear not to be complete
and the corrosion resistance to tarnishing is reduced. In microelectronic processing, Cu
conductor lines are subjected to a series of wet processing viz. electroplating, chemical
mechanical polishing and BTA is often present in the patented plating baths and
polishing slurries [17].
2.2.1.1 Inhibition Mechanism of Benzotriazole
Benzotriazole (BTA), whose structure is shown in Figure 2.1, has been used for a
long time as an important corrosion inhibitor for Cu and its alloys [18-19]. The protective
barrier layer, which consists of a complex between Cu and BTA molecules can be formed
by the immersion of the Cu surface in a solution of BTA or by vapor transport from
impregnated paper or electrochemically [8,20-21]. This barrier is insoluble in water and
many organic solvents and grows with time to a certain thickness depending on the BTA
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concentration and the pH of the solution. into which the Cu surface is dipped. BTA and
differently substituted derivatives of BTA have been studied experimentally with respect
to the ability of protecting the surface from corrosion and to determine the important






Figure 2.1: Chemical structure of Benzotriazole (BTA).
Cotton and Scholes [8] showed that BTA formed a protective layer on Cu
surfaces. The layer was found to consist of an insoluble Cu(I)BTA complex with a
Cu:BTA ratio of 1:1. Poling and Ogle [20] investigated the adsorption of BTA on Cu
surfaces with infrared spectroscopy and electrochemical methods. They proposed that the
protective coating was a multilayer film consisting of Cu(I)BTA chains, whose thickness
increased at low pH. The formation of the multilayer involved the transport of Cu to the
solid/liquid interface, where the physically adsorbed BTA molecules reacted with the Cu
to precipitate as an insoluble Cu(I)BTA complex. Based on shifts in –N=N- bands and
the absence of N-H bands in the IR spectra and magnetic susceptibility measurements,
Poling and Ogle [20] proposed a structure shown in Figure 2.2 and so did Cotton and
Scholes [8].
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Figure 2.2: A bidentate structure proposed for the coordination between BTA and Cu
[8,20].
Roberts [22] studied the adsorption of BTA on Cu2O and CuO surfaces with XPS.
He found that the Cu(I)BTA complex formed during immersion of the Cu2O surface in
the BTA solution was gradually oxidized to the Cu(II)BTA complex and that immersion
of the CuO surface in the BTA solution resulted in a Cu(II)BTA complex only after a
prolonged immersion. Chadwick and Haskemi [23] observed that the oxidation of the
Cu(I)BTA complex to the Cu(II)BTA complex takes place during air exposure and not
during immersion in the BTA solution. Fox et al. [24] also reported some chemical
aspects of corrosion inhibition of Cu by BTA, and found that the rate of formation of
cuprous and cupric complexes were almost identical. The effectiveness of the corrosion
protection in an aggressive solution was strongly dependent on the presence of BTA in
the solution. From these results, they proposed that the bulk precipitation of the complex
on the surface provides the major corrosion protection.
Rubim et al. [25] performed a molecular orbital calculation and an in- situ surface
enhanced Raman scattering (SERS) study of BTA adsorbed on electrode surfaces. They
made an improved model for the Cu(I)BTA polymer complex by introducing BTA- as a
transition state. The symmetry of the molecule means that the bond orders of the N-N
bonds are equal and indicates that the p -electrons are delocalized over the 5- and 6-
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membered ring systems. Thierry and Leygraf [26] used Surface Enhanced Raman
Spectroscopy to address the concentration dependence on the molecular orientation on
the Cu surface. Their result indicated a reorientation from a perpendicular to a more
parallel configuration relative to the Cu substrate when the concentration was decreased.
They also observed a strong frequency shift of the triazole ring breathing mode at a high
surface coverage, which was assigned to a charge transfer relation between the triazole
ring and the Cu surface in the perpendicular configuration of the molecule. Fang et al.
[27] reported UV photoemission measurements of BTA chemisorbed on clean Cu and
cuprous oxide in UHV. They proposed binding of the first chemisorbed BTA layer to the
Cu and Cu(I) surface via the nitrogen lone pair on the triazole ring. A proposed structure
for the first layer of chemisorbed BTA is shown in Figure 2.3. This structure was based
on an almost perpendicular orientation of the molecule on the surface and a stabilizing
force through hydrogen bonding between the aromatic hydrogen on the benzene ring and
a nitrogen atom on an adjacent benzotriazole molecule. Zonnevylle and Hoffmann [29]
reported extended Huckel tight-binding calculations of BTA- on a one-layer Cu(111)
slab. These results support the experimental results and conclusions from Fang et al. [27].
Figure 2.3: A proposed structure for the first chemisorbed layer of BTA on Cu [27].
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2.2.2 Other Copper Corrosion Inhibitors
Leygrat et al. [30-31] studied the inhibition efficiencies of BTA and its
derivatives: methyl-benzotriazole (M-BTA); nitro-benzotriazole (NO2-BTA); amino-
benzotriazole (NH2-BTA) and chloro-benzotriazole (Cl-BTA), for Cu in a 0.1 M NaCl
solution. They found the inhibition efficiency to decrease in the order: M-BTA > Cl-BTA
> BTA > NO2-BTA > NH2-BTA. In general, M-BTA and Cl-BTA have a better
inhibition efficiency against corrosion over BTA. The substitution of a methyl group in
the triazole ring (i.e., 1-Me- or 2-Me-BTA) prevents the formation of a protective layer
on the surface, whereas the introduction of a methyl group in the benzene ring (i.e., 4-
Me- or 5-Me-BTA) results in the formation of a stable layer.
Leygrat and Thierry [30] studied benzimidazole (BIM) and its derivatives:
mercapto-benzimidazole ; methyl-benzimidazole and hydroxyl-benzimidazole as
corrosion inhibitors of Cu. They found that mercaptobenzimidazole exhibits the best
inhibiting efficiency for Cu in a 0.1M NaCl solution. The inhibition mechanism for Cu
corrosion in 3% NaCl in the presence of BIM was studied by Lewis [32] using Auger
Electron Spectroscopy and electrochemical methods. It was believed that the adsorption
of BIM on Cu was of the Langmuir type. Lewis et al. [33] reported that the surface
species of thin film formed by BIM corresponded primarily to the Cu(I) complex,
Cu(I)BIM-. The amount of the Cu(II) complex, Cu(II)BIM-2, was found to be solvent-
dependent. A high percentage of Cu(II) complex was formed when water was used as the
solvent instead of ethanol. The oxidation of the surface complex with time was not
observed.
Brunoro et al. [34] reported that 5-Hexyl-1,2,3-benzotriazole (C6-BTA) is an
excellent inhibitor for Cu in deionised water (at 80 0C) containing 500 ppb of dissolved
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oxygen, this medium corresponds to the cooling water in the stator of an electric
generator in power plants. The experimental results of weight loss showed that the
presence of 0.001 M of C6-BTA resulted in much better protection than BTA.
Penninger et al. [35] studied 2-amino-pyrazole (PP) derivatives as corrosion
inhibitors for brass in a 0.1 M HCl solution. The substituent group can be –H, -Me, -OMe
and –Cl and they found the order of inhibition efficiency is: MePP ~ MeOPP > Cl-PP >
PP.  Among the pyrazole derivatives, methyl-pyrazole (MePP) exhibited the best
corrosion inhibition efficiency.
Wrubl and Mor [36] reported that Zinc gluconate (ZnGl) can be used as an
inhibitor for Cu and Zn in seawater. In naturally aerated conditions, up to 60% inhibition
of Cu corrosion is achieved with ZnGl concentrations ranging from 6x10-4 to 8x10-3 M.
In fully aerated conditions and with ZnGl concentrations ranging from 4x10-4 to 10-2 M,
the inhibition efficiency reaches 95%. Actually, ZnGl is composed of a zinc salt and a
gluconate. Synergistic effects are observed between Zn2+ and CH2OH(CHOH)4COO-
(i.e., the gluconate) and a maximum inhibition of Cu corrosion of 90% was achieved at a
molar ratio of 3:2 (zinc:gluconate).
Al-Kharafi et al. [37] reported 3-Phenyl-1,2,4-triazole-5-one (PTR) as a corrosion
inhibitor of Cu in 30% ethylene glycol solution at 60 0C. The corrosion rate of Cu in the
above medium was as low as 0.009 mm/yr in the presence of 40 ppm PTR in a corrosion
test of 24 hours of immersion. A Cu(II) complex was found on the surface by XPS
analysis. They also reported 3-amino-4,6-dimethyl-pyrimidine (ADP) as a corrosion
inhibitor of Cu in 30% ethylene glycol solutions at 60-70 0C with an ADP concentration
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of 50 ppm [38]. The XPS study showed that a very weak Cu(II) state covered the surface
with a considerable amount of ADP on the Cu surface.
Gonzalez et al. [39] found ferrous sulphate (FeSO4) to be useful for the prevention
of erosion corrosion of Cu alloy tubes in condensers, especially in power plants. It is also
effective in retarding localized corrosion, such as pitting and de-zincification. The
protection ability is attributable to the formation of a hard protective film of ferric salt in
cooling water, the ferrous ions are hydrolyzed to form Fe(OH)2 colloids, which are then
deposited on the  positively-charged Cu2O surface by both gravity and electrostatic
forces. The Fe(OH)2 layer is not stable and it is easily oxidized and dehydrolyzed to form
a stable Fe2O3 layer.
Laibinis and Whitesides [40], Yamamoto et al. [41] and Feng et al. [42] found
that self-assembled monolayers of alkanethiols were effective in slowing down the
oxidation of Cu surfaces in both dry and humid oxygen-containing atmospheres and in
aqueous solutions. Jennings et al. [43-44] studied alkanethiols [CH3(CH2)n-1SH;
n=8,12,16,18,20,22 and 29] as corrosion inhibitors for Cu and they found that longer-
chained adsorbates are superior to shorter-chained analogues in maintaining their
structural and protective properties due to their greater van der Waals interactions.
Cicileo et al. [45] studied the corrosion behavior of Cu in the presence of two
oxime organic inhibitors – salycilaldoxime and benzoinoxime in neutral aqueous NaCl
solutions. A polymeric Cu(II)-inhibitor complex that completely covered the Cu surface
was identified. It was found that the inhibitory mechanism on the Cu dissolution process
was related to both the chelating effect of Cu(II) ions close to the Cu surface, which
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minimizes the action of aggressive Cl- or OH- ions in solution as the organic complex
film acts as a barrier to these ions on the surface.
Li et al. [46] studied the inhibiting effect of six Schiff bases – N,N’-o-phenylen-
bis(3-methoxy-salicylidenimine) (V-oph-V), N-2-hdroxyphenyl-(3-methoxy-
salicylidenimine) (V-bso), N-4-phenylcarbazide-(3-methoxy-salicylidenimine) (V-psd),
N,N’-o-phenylenbis(saliscylidenimine) (S-oph-S), N,N’-p-phenylen-
bis(salicylidenimine) (S-pph-S) and N-4-phenylcarbazide-(slicylidenimine) (S-psd) on
the corrosion of Cu in 1.0 M NaCl solutions under various conditions. The inhibition
efficiency of the Schiff bases follows the order: V-oph-V > V-bso ~ S-oph-S > V-psd ~
S-pph-S > S-psd. They found that the effectiveness of a corrosion inhibitor depends on
the structure of the organic compound. The variation in inhibitive efficiency mainly
depends on the type and the nature of the substituents present in the inhibitor molecule.
The inhibition efficiency increased with an increasing inhibitor concentration, decreasing
temperature and increasing immersion time.
Frignani et al. [47] investigated the 5-alkyl derivatives (methyl-, butyl-, hexyl-,
octyl-, dodecyl-) of 1,2,3-Benzotriazole (BTA) to determine the influence exerted by the
aliphatic chain length on the inhibiting action of the base molecule toward Cu corrosion
in acidic sulphate and saline solutions. They found that inhibition efficiency increased
with the length of the side alkyl chain up to six carbon atoms and this is via the
strengthening of the anodic action of the inhibitor.
Elmorsi et al. [48] studied the corrosion inhibition of Cu in aerated 0.5 M H2SO4
solutions in the presence of two classes of heterocyclic compound derivatives:
phenylazo-pyrazolones (PAP) and bromobenzyl-carboxyl-1,2,3 triazole (BCT). They
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found that the inhibition efficiency was attributed to the adsorption of the dye molecules,
the precipitation of Cu-chelates and/or formation of p -complexes at the electrode
surface. Thermodynamic activation parameters were calculated and discussed with
respect to the stability of the protective layer.
Rahela et al. [49] investigated the efficiency of imidazole and its derivatives: 4-
methylimidazole, 4-methyl-5-hydroxymethylimidazole, 1-phenyl-4-methylimidazole and
1-(p-tolyl)-4-methylimidazole, in 0.5 M HCl and Millipore water.  The results showed
that 1-(p-tolyl)-4-methylimidazole is the best inhibitor in this series and that it acts as a
mixed inhibitor. Physisorption is proposed as the mechanism of corrosion protection by
imidazole derivatives dissolved in a HCl solution, while polymer film and/or complex
formation are proposed as the mechanism in Millipore water.
El-Naggar [50] studied the inhibition efficiency of the triazole organic
compounds: bis (4-amino-5-hydroxy-1,2,4-triazol-3-yl) methane and bis (4-amino-5-
hydroxy-1,2,4-triazol-3-yl) butane as corrosion inhibitors for Cu in 4.0 M HNO3
solutions. He found that the predominant action of the inhibitors was cathodic and both
triazoles achieved efficiencies greater than 99% with long-term effectiveness.
Yan et al. [51] studied the inhibition by 2-mercaptobenzoxazole (MBO) of Cu
corrosion in a NaCl solution. An efficiency of about 99% could be obtained by
immersing for about 20 hours in a 3% NaCl + 1 mM MBO solution. They found that
MBO reacted with the cuprous species from the corrosion process and produced a water-
insoluble cuprous complex to form the inhibition film and to retard the corrosion of Cu.
Vastag et al. [52-53] investigated the inhibition characteristics of some thiazole
derivatives: 5-benzylidene-2,4-dioxotertrahydro-1,3-thiazole (5-BDT), 5-(4’-
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isopropylbenzylidene)-2,4-dioxotetrahydro-1,3-thiazole (5-IPBDT), 5-(3’-thenylidene)-
2,-dioxotetrahydro-1,3-thiazole (5-TDT) and 5-(3’,4’-dimetozybenzylidene)-2,4-
dioxotetrahydro-1,3-thiazole (5-MBDT) against Cu corrosion in acidic sulphate-
containing media. They found that the presence of the isopropyl group in 5-IPBDT
molecules resulted in better protection against Cu corrosion than 5-BDT, as the longer
chain in the former improved the protection effectiveness as it played an umbrella-type
role, covering the surface.
Huynh et al. [54] studied the inhibitive effect of alkyl esters (i.e., methyl, butyl,
hexyl and octyl) of carboxybenzotriazole against Cu corrosion. They found that the
inhibition efficiency of the film depends on the type of solvent used, temperature and the
period of immersion. The inhibition efficiencies of the film increased with the length of
the alkyl ester chain in the order of: methyl < butyl < hexyl < octyl. SERS measurements
indicate that the azole ring is close to the Cu surface with chemisorption via the azole
nitrogen. It is also suggested that the hydrocarbon chain of the ester is physically
adsorbed on the Cu surface.
Wang et al. [55] studied the protection ability of carbazole (CZ) and N-
vinylcarbasole (NVC) of Cu in an air saturated 0.5 M NaCl solution. The inhibition
efficiencies of CZ and NVC were determined to be 91.1 and 93.4%, respectively.
Increased immersion times improved the quality of the self-assembled films and their
adsorption processes obeyed the Frumkin adsorption isotherm.
Brunoro et al. [56] studied the inhibition effects of different surface films: 5-
methyl-1,2,3-benzotriazole; 5-hexyl-1,2,3-benzotriazole; 5-octyl-1,2,3-benzotriazole; 5-
methoxy-1,2,3-benzotriazole; 5-(pyridinethozycarbonyl)-1,2,3-benzotriazole chloride, 2-
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chloroethyl-1,2,3-benzotriazol-5-carboxylate and 5-mercapto-1-phenyltetrazole, in
protecting Cu and bronze. The experimental data show that benzotriazole derivatives with
a long aliphatic chain (e.g., 5-octyl-1,2,3-benzotriazole) form thin and very protective
films on Cu. Its noticeable efficiency can be attributed to the high film hydrophobicity
rather than to the film thickness itself.
Khaled and Hackerman [57] studied aniline derivatives: 2-chloroaniline, 2-
fluoroaniline, 2-aminophenetole, 2-ethyaniline, o-aminoanisole and o-toluidine for their
possible use as Cu corrosion inhibitors in 0.5 M HCl. They determined that the structure
of o-substituted aniline influences their inhibiting efficiency and they are in the following
order: -C2H5 > -Cl > -F > -CH3 > -OCH3 > -OC2H5. It is also found that these inhibitors
obey the Temkin adsorption isotherm.
2.3 SELF-ASSEMBLY
Self-assembly (SA) is described as the spontaneous formation of complex
structures from pre-designed building blocks, typically involving multiple energy scales
and multiple degrees of freedom. Self-assembly is particularly attractive over other
coating methods for applications in corrosion inhibition for the following reasons:
1. Ease of preparation – the film forms through a simple chemisorption process, yet at the
same time enabling strong adhesion to the metal surface.
2. Tunability of surface properties – the chemical composition of the film can be tailored
by design and synthesis of adsorbates.
3. Conformality – film formation is conformal, allowing objects of any shape to be
coated.
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4. Use of the self-assembled monolayer (SAM) as the building blocks in more complex
structures – the thickness of the film can be controlled at the angstrom level by the
selection of adsorbates and docking of additional layers to a surface;
5. Possibility of lateral structuring in the nanometer regime – molecules can be cross-
linked to yield more robust film properties.
6. Characterization – the molecular thickness of the films allows the use of common
surface analytical techniques to determine the chemical state and composition of
species at the metal surface.
2.3.1 Kinetics of Self-Assembly
Self-assembled monolayers are ordered molecular assemblies that are formed
spontaneously by the adsorption of a surfactant with a specific affinity of its headgroup to
a substrate. A self-assembling molecule can be divided into three parts as shown in
Figure 2.4. The first part is the head-group that provides the chemisorption (the most
exothermic interaction) on the substrate surface. The head-group adsorbs to a specific site
on the substrate surface through a chemical bond. This is the result of the very strong
molecular-substrate interaction. The energies associated with the chemisorption are in the
order of hundreds of kJ/mol [58]. As a result of the exothermic head-group substrate
interactions, molecules try to occupy every available binding site on the surface and in
this process they push together molecules that have already been adsorbed. The second
molecular part is the body (e.g., an alkyl chain or an aromatic ring), and the energies
associated with its interchain van der Waals interactions are at the order of tens of kJ/mol
[58]. The formation of an ordered and closely packed assembly starts only after
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molecules are put in place on the surface. Van der Waals interactions are the main forces
in the case of simple alkyl chains (CnH2n+1). On the other hand, if a polar bulky group is
substituted into the alkyl chain, there are also long-range electrostatic interactions that, in
some cases, are energetically more important than the van der Waals attractive forces.
The third molecular part is the terminal functionality, which, in the case of a simple alkyl
chain, is a methyl group. The energy associated with this process is of the order of a few
kTs, where k is the Boltzmann constant, and T is the absolute temperature. Together,
these three parts are critical in determining the SAM chemical and mechanical properties.






Surface properties e.g. hydrophobicity,
electrostatic repulsion.
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CHAPTER 3
SELF-ASSEMBLED ORGANIC THIN FILMS ON COPPER
FOR PREVENTION OF CORROSION
                                                                                                                                                
This chapter details the self-assembled organic thin films of dodecanethiol (DT),
mercaptobenzothiazole (MBT), benzotriazole (BTA), imidazole (IMD) and benzothiazole
(BTIA) formed by adsorption on the surface of copper (Cu) thin film used in the ultra
large-scale integrated circuits. The films and corrosion products are characterized by X-
Ray Photoelectron Spectroscopy (XPS) and X-Ray Diffraction (XRD). The corrosion
inhibition of these organic thin films are investigated in aerated 0.5 M H2SO4 solutions
by means of Electrochemical Impedance Spectroscopy (EIS) and Potentiodynamic
Polarization techniques. The presence of these films reduced corrosion by blocking the
copper surface from the dissolved oxygen in the acidic medium. The relative inhibition
efficiencies of these inhibiting agents in preventing copper oxidation are found to be in
the order of: DT > MBT > BTIA > BTA > IMD. The effectiveness of the inhibitors
increased with temperature, concentration of the inhibitors and immersion time in the
solution. An adsorption model is proposed on the basis of impedance variation with the
inhibitor concentration.  The stability and packing of the inhibitors on the surface appears
to be important factors in determining the inhibition efficiency among the inhibitors.
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3.1 INTRODUCTION
Copper (Cu) is set to replace aluminum alloy as the ULSI (Ultra Large Scale
Integration) interconnect material due to its lower resistivity and high resistance to
electromigration. However, Cu corrodes easily in aqueous solutions and air, thereby
limiting its use. Self-assembled thin films of organic inhibitors can provide a convenient
method of corrosion inhibition, since the process of self-assembly is simple and the
chemical composition and thickness of self-assembled films can be tailored by design.
Organic molecules prevent copper corrosion by forming a chelate on the metal surfaces
[1]. The inhibition efficiency, IE, of an inhibitor depends strongly on the stability of the
chelate [2], the structure of the inhibitor [3], chemical makeup or functional groups of the
inhibitor molecule [4] and the experimental conditions. Many studies have been carried
out on the inhibition mechanisms of nitrogen- or sulfur-containing compounds as
corrosion inhibitors [5]. Traditionally, heteroaromatic azolic molecules, such as
benzotriazole (BTA) have been used as a corrosion inhibitor for Cu in the industry for
many decades [6]. Sugimasa et al. reported that BTA molecules are stacked vertically in
an orderly manner to form molecular rows on well-defined on Cu(111) and the molecular
orientation of BTA is found to influence electrochemical reactions, and hence its
corrosion-inhibiting properties [7]. Recent studies have demonstrated that linear
alkanethiols are also able to provide effective barriers against corrosion [8-10] Laibinis et
al. [8,11] reported that the adsorbed species on Cu is a thiolate, and the hydrocarbon
chain is primarily transextended and oriented close to the surface normal, hence forming
a densely packed monolayer film. However, the influence of the physical and chemical
characteristics of the inhibitor and the nature of the adsorption-Cu surface interaction on
38
IE is not well understood. This information is critical in designing effective and efficient
protection against Cu corrosion.
In this study, a comparative study has been conducted in this aspect among five
common organic inhibitors with the aim of investigating the differences in their
corrosion-inhibiting behavior. The choice of these structurally and/or functionally
different organic inhibitors helps to identify the primary causes of their inhibitive action.
3.2 EXPERIMENTAL DETAILS
Dodecanethiol (DT), benzotriazole (BTA), mercaptobenzothiazole (MBT),
imidazole (IMD) and benzothiazole (BTIA) as shown in Figure 3.1 were obtained as
high-grade commercial reagents, purity >98%, from Sigma-Aldrich and were dissolved in
pure ethanol (A.R. grade) to the required concentration. The substrate was fabricated by
physical vapor deposition (PVD) of a 150 nm thick of Cu seed layer on Si(100) and 1000
nm thick Cu(111) thin film was then electroplated onto the seed layer using a commercial
electroplating equipment. Slides were cut from wafers and degreased in acetone to
remove surface contaminants. They were then etched in 7 M HNO3 for 30 sec to remove
surface oxides [10]. The etching also provided a fresh and active surface, which strongly
favored the chemisorption of the organic compounds. The etched substrates were rapidly
rinsed with deionized water followed by pure ethanol. They were then immersed
immediately in different 5 mM inhibitor solutions for 30 minutes at 20 0C to form the
self-assembled films. After the film formation, the substrates were rinsed with pure
ethanol to remove the physisorbed molecules and were then dried with nitrogen and
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Imidazole (IMD) Benzothiazole (BTIA)
Figure 3.1: Chemical structure of inhibitors.
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Cu
Figure 3.2: Experimental setup.
The nature and the thickness of the surface films was examined using a Kratos
Axis 165 X-ray Photoelectron Spectroscopy (XPS) system. The excitation source was Al
Ka  radiation (photoelectron energy of 1486.7 eV). Binding energies for components of
interest were referenced to the binding energy of C 1s at 285.0 eV. X-ray diffraction
(XRD) studies of the inhibitor-modified Cu substrates was performed on a Shimadzu
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XRD-6000 spectrometer with Cu Ka  monochromatic radiation of 40 kV. The corrosion
measurements were performed in 0.5 M H2SO4 with an Autolab potentiostat / galvanostat
PGSTAT100 and FRA modules both interfaced to a personal computer. A conventional
three-electrode glass cell equipped with a platinum counter electrode and a Ag/AgCl
reference electrode was used. The impedance measurements were made at the respective
corrosion potential with a 5 mV AC perturbation that was controlled between 10 mHz
and 100 kHz. The linear polarization curves were recorded from –0.2 to 0.1 V at a sweep
rate of 2 mV/s. Ellipsometric measurements were performed using a variable angle
spectroscopic ellipsometer (M-2000U J. A. Woollam Co., Inc., Lincoln, Nebraska,
U.S.A) in air at room temperature to determine the thickness of the surface films. The
spectra were acquired over the range of 500-1200 nm, at 10-nm intervals and at incidence
angles of 650 to 750. Data analysis was performed using the 3.352 WVASE32 software.
The X-ray reflectivity experiments were performed in the grazing incidence geometry at
the Singapore Synchrotron Light Source using XDD beamline (Cu Ka  radiation) drawn
from a synchrotron radiation produced from two superconducting dipoles featuring a
magnetic flux density of 4.5 T. The characteristic photon energy / wavelength is about
1.5 keV / 0.85 nm.
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3.3 RESULTS & DISCUSSION
3.3.1 XPS Characterization of Cu Surfaces
Figure 3.3 presents the XPS wide-scan spectra of the oxidized bare Cu, etched-Cu
and the various inhibitor-modified Cu substrates. Strong Cu 2p line is present in all cases
corresponding to the underlying copper substrate. The Cu L3M45M45 lines arise between
567 and 585 eV and the peaks at 123 and 77 eV correspond to the Cu 3s and Cu 3p,
signals respectively. The presence of the various organic inhibitors on the copper surface
is proven by the occurrences of the S 2s (230 eV), S 2p3/2 (165 eV) and N 1s (400 eV)
signals (Figures 3.3c - g). In Figure 3.3a, the C 1s (at 285 eV) and O 1s (at 532 eV) lines
correspond to oxidized copper and carbon species. The decrease in intensity of these
peaks after the HNO3 pretreatment (Figure 3.3b) confirms the effectiveness of the acid
treatment in etching the surface oxides and contaminants.
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Figure 3.3: XPS wide scan of (a) Bare Cu, (b) Etched Cu, (c) DT-Cu, (d) BTA-Cu,
(e) MBT-Cu, (f) IMD-Cu, (g) BTIA-Cu.
The peak at 285.0 eV in Figure 3.4 is attributed to the adventitious carbon
adsorbed from the atmosphere. The peak at 288.5 eV observed in Figures 3.4a and b is
characteristic of oxidized carbon species of the type CO-O-C and CO-O-R [12-13] that
are adsorbed from the ambient air. The presence of these oxidized carbon species found
is also probably due to reaction of the Cu with the various chemical additives (levelers,
inhibitors, brighteners) used in the electroplating process in depositing the Cu thin film
commercially. As observed from Figure 3.4b, this peak almost disappeared after the acid
etch. The peak at 286.1 eV is typical of alkoxy functions, C-O-C and C-OH [12]. This
may be due to the formation of ethoxy intermediates chemically bound to the copper
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surface during the deposition of the organic inhibitors [12-14]. This is consistent with
earlier reports about the role of solvents having an effect on the inhibitor formation due to
their chemical reactivity toward copper [13]. The disappearance of the ethoxide signal at
286.1 eV (Figure 3.4c) may be due to the dodecanethiol displacing the ethoxide
intermediates on the Cu surface. In comparison, substrates modified by other inhibitors,
viz. the substituted azoles, still retain the ethoxy moieties (Figures 3.4d – g). Also notable
in the case of all the inhibitor-modified substrates is the absence of the highly oxidized
carbon species peak at 288.5 eV (Figures 3.4c – g). C-N species (285.5 eV) is not directly
observable in Fig. 3.4 as the adventitious carbon peak at 285.0 eV overshadows it.
However, its presence on the surface of Cu could be ascertained by the N 1s spectra as
shown in Fig. 3.9.
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Figure 3.4: XPS C 1s spectra of (a) Bare Cu, (b) Etched Cu, (c) DT-Cu, (d) BTA-Cu,
(e) MBT-Cu, (f) IMD-Cu, (g) BTIA-Cu.
The Cu 2p3/2 (Figure 3.5) at 935.0 eV is observed along with intense shakeup
features around 940-945 eV (Figure 3.5a). These characteristic satellites are caused by
the presence of the unfilled (d9) valence level in the Cu2+ ion [15]. The peak at 935.0 eV
is broad and asymmetrical on the high energy side and is indicative of the contribution
from Cu(OH)2. The disappearance of this peak and the shakeup feature (Figure 3.5b) is
due to the chemical etching by HNO3. The absence or the continued presence of Cu(OH)2
on the Cu surface after the inhibitor deposition is an indication of the extent of protection
provided by the respective inhibitors in preventing Cu oxidation. The Cu(OH)2 signal at
935.0 eV is still present in BTA and IMD modified substrates, despite the absence of the
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Cu2+ satellite (Figures 3.5d and f). This peak disappeared from the DT-Cu, MBT-Cu and
BTIA-Cu Cu 2p3/2 spectra and therefore is indicative of better protection offered by these
inhibitors. The metallic Cu or Cu2O signal is clearly observed at 932.5 eV, but it is very
difficult to differentiate between the two, since the binding energies of their Cu 2p lines
are very close. However, the kinetic energy of the Cu LMM Auger lines (Figure 3.6) can
be used to distinguish them, since the kinetic energy of the Cu2O (570.5 eV) increases by
~2.5 eV relative to that of the Cu metal (568 eV) due to differences in relaxation energies
[15].
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Figure 3.5: XPS Cu 2p spectra of (a) Bare Cu, (b) Etched Cu, (c) DT-Cu, (d) BTA-Cu,
(e) MBT-Cu, (f) IMD-Cu, (g) BTIA-Cu.
46
The broad peak at 569.6 eV in the CuLMM Auger lines corresponds to Cu(II)
species of CuO and Cu(OH)2 (Figure 3.6a). After the HNO3 etch, two distinct peaks at
568 and 570.5 eV (Figure 3.6b) corresponding to metallic Cu and Cu2O, respectively
appear. This oxidation is probably the result of the inadvertent exposure of the Cu
substrate to ambient air during the various stages of the experiment. Therefore, it is not
possible in the experiment to have Cu surface completely free of oxidation products.
However, the major product of oxidation viz. Cu(OH)2, has been removed from the
surface (Figure 3.5) and the O 1s intensity (Figure 3.1) has significantly decreased after
the acid etch. From Figure 3.6, it is observed that the inhibitor-modified substrates have
different surface chemical states.  The slight shift in kinetic energy (~0.5 eV) for the
inhibitor-Cu Auger peak relative to Cu metal is clearly evident in Figures 3.6c to 3.6g,
since the electronic structure of the Cu atom has changed significantly upon binding to
either the N or the S atom in the inhibitor molecules.
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Figure 3.6: XPS CuLMM spectra of (a) Bare Cu, (b) Etched Cu, (c) DT-Cu, (d) BTA-Cu,
(e) MBT-Cu, (f) IMD-Cu, (g) BTIA-Cu.
The O 1s lines at 530.5 and 531.1 in Figure 3.7 are attributed to those of Cu2O
and Cu(OH)2, respectively, and those extending from 532 to 533 eV, are due to oxidized
carbon species or ethoxy compounds (C=O, C-O-C, C-OH and –CO-O-C) [12]. After the
acid etch, the Cu(OH)2  peak at 531.1 eV (Figure 3.7a)  disappears and Cu2O at 530.5 eV
(Figure 3.7b) appears, thereby corroborating the CuLMM results. The acid etching of bare
Cu and its subsequent modification by the organic inhibitors leads to a copper surface,
which is largely free of CuO or Cu(OH)2. Subsequent modification by the different
organic inhibitors occurs on a Cu/Cu2O layer mainly contaminated by atmospheric
carbon dioxide and ethoxy moieties from the solvent.
48
5 3 6 5 3 5 5 3 4 5 3 3 5 3 2 5 3 1 5 3 0 5 2 9 5 2 8
5 3 1 . 1
( a )
B i n d i n g  e n e r g y  ( e V )
















O  1 s
5 3 3 5 3 2
( g )
Figure 3.7: XPS O 1s spectra of (a) Bare Cu, (b) Etched Cu, (c) DT-Cu, (d) BTA-Cu,
(e) MBT-Cu, (f) IMD-Cu, (g) BTIA-Cu.
Two peaks of S 2p at 162.3 (S 2p3/2) and 163.4 eV (S 2p1/2) are observed for DT-
Cu (Figure 3.8a) and they could fit well as a spin-orbit doublet. These peaks have been
identified to represent a thiolate with a theoretical intensity ratio of 2:1 and a line width
separation of 1.2 eV [16]. Thus, it is clear that there is only one type of S atom and it also
supports the assumption that thiolate species are present at the interface between DT and
Cu.
For the MBT-Cu substrate (Figure 3.8b), the peak at 162.8.0 eV is assigned to the
S 2p3/2 exocyclic thiolate S atom and the peak at 165.4 eV to S 2p1/2 of the endocyclic S
atom [17]. The peak at 164.2 eV is an overlap of the S 2p1/2 exocyclic thiolate and the S
49
2p3/2 endocyclic S atom within the ring. Hence, the S 2p spin-orbit doublet splitting is
clearly visible. The bonding to the Cu takes place mainly through the exocyclic S atom,
since the S atom present in the heterocyclic ring has a very weak coordinating ability due
to its lone pairs participating in the resonance structures of the molecule.
 In the S 2p spectrum for BTIA-Cu  (Figure 3.8c), the S 2p3/2 peak at 163.6 eV is
similar to that of thiophene-like molecules adsorbed on Cu surfaces through the
coordination of the lone S atom [18]. The two peaks are the result of the S 2p spin-orbit
doublet splitting. Thus, it can be inferred that the observed binding energy is a result of
the S atom coordination in the five-membered ring to the Cu substrate.
The S2p components in (a), (b) and (c) all have different line widths is possibly
due to the electronic structure of the S atom has changed upon binding to Cu differently.
DT and MBT bind to Cu via a thiolate (-Cu-S-) bonding, where as BTIA binds to Cu
mainly through the coordination of the lone S atom (Cu:S) [18]. Hence DT-Cu and MBT-
Cu have similar S2p line-widths, but differs significantly to that of BTIA-Cu.
N 1s spectra for BTA, MBT, IMD and BTIA are shown in Figure 3.9.  BTA and
IMD consist of two types of N-atoms in the heterocyclic ring: pyrrole and pyridine N-
atom. However, two separate features are not observed in the N 1s spectra corresponding
to the two different N-atoms. Xue et al [19-20] proposed that azolic compounds that
contain pyridine and pyrrole N-atoms such as BTA and IMD, undergo an argentous
complex formation with Ag. Similarly, it is possible that the bonding to the Cu substrate
in the case of BTA and IMD is mainly accomplished through the ligation of the pyridine
N atom with metallic Cu, since it has a high electronegativity and functions as a ligand
site toward Cu. This may be followed by deprotonation of the pyrrole N atom to form a
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stable anionic complex [19-20]. As a result, the two N atoms in the anionic azoles are not
distinguishable in the complex, as evidenced by the XPS spectra (Figures 3.9d, f). The N
1s spectra of both MBT-Cu and BTIA-Cu show a single peak as expected, since the
coordination of the inhibitor to the Cu substrate occurs mainly through the S atom
(Figures 3.9e, g).
The XPS signal of Figure 3.9d as observed is very weak, which could be
experiencing background or noise interference, resulting in such a large line-width. Its
corresponding S 2p spectra in Figure 3.8c are also shown to have a larger or different
line-width in comparison to other inhibitors in the S 2p spectra.
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Figure 3.8: XPS S 2p spectra of (a) DT-Cu, (b) MBT-Cu, (c) BTIA-Cu.
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Figure 3.9: XPS N 1s spectra of (a) BTA-Cu, (b) MBT-Cu, (c) IMD-Cu, (d) BTIA-Cu.
3.3.2 XRD Surface Analysis
The corrosion of Cu in air generally results in products, such as cuprous (CuO)
and cupric (Cu2O) oxides, and copper hydroxides (Cu(OH)2). The X-ray diffraction
method can be used not only for the identification of crystalline phases in corrosion
products, but also for their quantitative phase analysis based on measuring the intensity of
the lines in the diffraction pattern [21-22]. Oxygen reduction on the Cu surface leads to
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the concurrent formation of a crystalline CuO phase coexisting with amorphous Cu(OH)2
and Cu2O as observed in Figure 3.10. It is observed in addition to strong Cu crystalline
phases: Cu <111> peak and Cu <200> peaks, Cu corrosion products are also observed on
the bare Cu surface. The strong signal at q2  ~ 700 corresponds to the corrosion products
of a crystalline CuO phase coexisting with Cu(OH)2 [23]. This result is consistent with
the earlier XPS findings that the bare Cu substrate surface is contaminated with oxidized
products viz. CuO and Cu(OH)2.
In order to determine the efficacy of the inhibitors studied in preventing oxidation
by ambient air, the various inhibitor-modified Cu substrates are placed in a controlled
humidity chamber simulating accelerated ambient corrosion at a temperature of 30 0C and
a relative humidity of 90%. The before- and after-exposure XRD spectra are shown in
Figure 3.11. In using the CuO and Cu(OH)2 corrosion product peaks at q2  ~ 700 as the
reference,  it is distinctly observed from Figure 3.11 that DT-modified Cu substrate has
the least corrosion products present after three days of exposure to the stipulated
experimental conditions. On the other hand, the XRD spectrum of IMD-modified Cu
substrate shows very large amounts of oxidation corrosion products on its surface due to
the high intensity of its signal at q2  ~ 700. Thus, this is consistent with the XPS results in
that DT offers the best protection among the inhibitors studied, whereas IMD performs
the worst in inhibiting Cu oxidation. It is also noted that the DT-modified Cu substrate
started off with a surface almost free of CuO in comparison to the rest of the inhibitor-
modified surfaces; a small amount of CuO is still present (Figure 3.11). This shows that
the protection offered by DT molecules is effective in resisting oxidation either in the
depositing solution or ambient air.
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Figure 3.10: X-ray diffraction spectrum of bare Cu surface.
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Figure 3.11: X-ray diffraction spectra of inhibitor-modified Cu at 0 and 3 days subjected
to an experimental conditions of 300C and 90% relative humidity.
55
3.3.3 Determination of Inhibitor Film Thickness
The approximate thickness of the inhibitor film on Cu at short deposition times


















where )(qI  is the relative Cu 2p3/2 photoelectron intensity from the inhibitor modified
Cu substrate,  )(qcI  is the Cu 2p3/2 photoelectron intensity from the bare etched Cu
substrate, q   is the detector angle with respect to the surface normal, d is the thickness of
the inhibitor film and l is the attenuation length of the photoelectrons from the Cu
substrate. The attenuation length, l , can be determined using an empirical formula by










The attenuation length is determined to be 4.2 nm for photoelectrons with a kinetic
energy of 1486.71 eV. The Cu 2p3/2 intensity from Figure 3.5 is used to determine the
thickness of inhibitor films on Cu and the results are shown in Table 3.1. This suggests
the formation of a chemisorbed monolayer on the Cu surface [26-27].
In using ellipsometery to determine the thickness of the film at longer deposition
times, a four-layer model consisting of a film having a Cauchy dispersion relation [28] on
a Si/Cu/Cu2O substrate is employed to analyze the ellipsometric optical angles: D  and
Y . In this model, the Si layer is fixed at 0.6 mm, the electroplated Cu layer has a
thickness of 1 m m and the Cu2O layer is 1 nm thick, as measured on a bare Si/Cu wafer
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after treatment with 7 M HNO3. These three values are fixed during data fitting of the
film thickness. The fitted ellipsometric angles D  and Y  of DT are shown in Figures 3.12
and b, respectively. Each fit generates a mean-square error (MSE) of less than two,
thereby ensuring a good fit between experimental and model-generated data. The
molecular thicknesses of all the inhibitor films on Cu are shown in Table 3.1.
Ellipsometric measurements performed for inhibitor-modified substrates indicate that the
azole films increase in thickness up to 25 nm after a 24-hour deposition, while DT
remains approximately at 2 nm (Table 3.1). This is consistent with other reports that Cu-
azole complexes form thick water-insoluble polymeric films at long deposition times [29-
30].
Table 3.1: Thickness of organic inhibitor films







DT 2.2 2.3 2.4
BTA 1.2 25 30.0
MBT 1.0 15.2 26.0
IMD 0.6 5.0 12.8
BTIA 0.8 12.5 21.0
57

















 Experimental data 650
 Experimental data 750
 Cauchy model fit 650






 Experimental data 650
 Experimental data 750
 Cauchy model fit 650





Figure 3.12: (a) D  and (b) Y ellipsometric spectra of DT film deposition at 1440 mins on
the Cu substrate, the fits are obtained using a Cauchy model.
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3.3.4 Impedance & Polarization Studies
Electrochemical impedance spectroscopy (EIS) enables the determination of the
resistance that SAMs provide against the transport of aqueous ions to the copper surface.
It is well known in acidic aqueous media that Cu corrosion proceeds as a result of two
half reactions:
-+ +® eCuCu 22 (3.3)
222 HeH ®+
-+ (3.4)
Theoretically, Cu can hardly be corroded in the deoxygenated dilute sulfuric acid, since
Cu cannot displace hydrogen from acid solutions according to the theory of chemical
thermodynamics. However, this situation will change in aerated sulfuric acid. Dissolved
oxygen may be reduced on the Cu surface and this will enable corrosion to take place
[31]. It is a good approximation to ignore the hydrogen evolution reaction and only
consider the oxygen reduction in the aerated sulfuric acid solutions at potentials near the
corrosion potential. Cathodic reduction of oxygen can be expressed as:
OHeHO 22 244 ®++
-+ (3.5)
Figure 3.13 shows the potentiodynamic polarization curves obtained from the
pure Cu substrate in 0.5 M H2SO4 solutions after modification with various inhibitors.
The deposition of the inhibitors on the Cu substrate shifts the Cu corrosion potential
cathodically and anodically to a small extent, but markedly lowers both anodic and
cathodic current densities in comparison to that of a bare Cu substrate. The polarization
curves in Fig. 3.13 appears very much to be in the region of activation control regime as
the characteristic of activation control is increasing current density magnitudes with
potential increases for both anodic and cathodic branches; and diffusion controlled
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theoretically causes cathodic current density to become approximately constant at a
certain value from the open circuit potential (OCP) even as potential increases. However,
it is important to note that there are diffusion controlled plots whose currents increase
slightly with potential changes. The constant or slowly changing cathodic current is
referred to as the diffusion limited current [32]. The anodic branches of the plots in Fig.
3.13 are observed to be increasing in current density at a faster rate than the cathodic
branches as potential increases. This indicates that some form of diffusion limitation (not
totally) is happening on the surface of Cu. The only likelihood is due to the inhibitor
molecule behaving as some form of a cathodic inhibitor to Cu corrosion by retarding the
transfer of O2 to the cathodic sites of the Cu surface. The transfer of oxygen from the
bulk solution to the copper/solution interface will strongly affect the rate of oxygen
reduction. Therefore, it is inferred that the inhibitor molecule behaves like a cathodic
inhibitor to Cu corrosion by retarding the transfer of O2 to the cathodic sites of the Cu
surface. From Figure 3.13, it is observed that DT yields the lowest corrosion current
density among all the inhibitors studied.
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1   Bare-Cu
2   IMD-Cu
3   BTA-Cu
4   BT-Cu
5   MBT-Cu
6   DT-Cu
Figure 3.13: Potentiodynamic polarization curves of inhibitor-modified Cu in 0.5 M
H2SO4 with inhibitor at 5 mM, 20 0C and 30 min.
Figure 3.14 shows the Nyquist impedance plots of the bare and modified Cu substrates
after deposition times of 30 minutes and 24 hours. The inhibitor-modified Cu substrates
show well-defined semicircular capacitive loops. In a practical electrode system,
electrochemical impedance spectra (EIS) are often more complex i.e. the semicircular
plot may be distorted – elevated or depressed in comparison to conducting the test on a
perfectly Ohmic metal, where one would expect a smooth semicircle. This phenomenon
is known as the disersing effect [33]. Another reason that all the plots shown in Fig. 3.13
exhibit “elevated” semicircles is possibly due to the inherent nature of the substrate (Cu
thin film on a semiconducting material – Si), since all of them exhibited the same
characteristic, regardless of having the inhibitors on the surface. The corrosion resistance
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of the inhibitors are in the order DT > MBT > BTIA > BTA > IMD > bare Cu, for both
30-minute (Figure 3.14a) and 24-hour (Figure 3.14b) deposition times. The impedance
spectra of bare Cu, BTA-Cu, IMD-Cu and BTIA-Cu substrates exhibit Warburg
impedances, which can be attributed to oxygen transport from the bulk solution to the
copper surface in the aerated sulfuric acid.  This suggests that the corrosion process is
controlled by the mass transport of oxygen to the Cu/solution interface and indicates that
the IMD, BTA and BTIA films are undergoing active corrosion. The Warburg line could
also mean that pinholes are present in the inhibitor layers and active corrosion is
occurring on the surface [34]. The absence of the Warburg impedance line in DT- and
MBT-modified substrates and their larger capacitive loops indicate that the barrier films
formed by DT and MBT are more resistant to corrosion compared to the films formed by
the rest of the inhibitors studied herein.
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Figure 3.14: Nyquist impedance spectra of inhibitor-modified Cu in 0.5 M H2SO4 with
inhibitor deposited at 5 mM, 20 0C and with a deposition time of (a) 30 min; (b) 24 hrs.
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Film resistance and capacitance values are determined by fitting the EIS data with
an equivalent circuit model consisting of a solution resistance (Rs) in series with a
parallel combination of double layer capacitance (Cdl), and charge-transfer resistance (Rt)
and/or in series with a Warburg impedance (W) [35] as shown in Figure 3.15. The
estimated error for the parameters obtained from the fitted model are all estimated to be
<10% after iteration by the software. The Rt reflects the resistance to corrosion, the
smaller the Rt, the faster the corrosion reaction. Accordingly, the inhibition efficiency











where Rt is the charge transfer resistance of the inhibitor-Cu substrate and 'tR  for the bare
Cu substrate.
Figure 3.15: Equivalent circuits used for fitting the impedance data.
The effect of varying the deposition conditions (e.g., time, temperature and the
concentration of inhibitors) on the Rt of the inhibitors is shown in Table 3.2. From Table
3.2, it can be observed that the charge transfer resistance increases with the deposition of
the inhibitors in comparison to bare Cu. The Rt and Cdl can evaluate the quality of the
monolayer. The more densely packed the monolayer, the larger the Rt and the smaller the
CdlCdl
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Cdl. From Figure 3.14, it can be seen that DT has the largest diameter of the semicircular
capacitive loop, which results in having the highest Rt and the lowest Cdl.  As a result, it
offers the highest inhibition efficiency of almost 90% for a deposition time of 30 minutes
at 200C with an inhibitor concentration of 5 mM. The cessation of change in Rt  over long
deposition times shows that the adsorption process is essentially complete within 24
hours. The increase in Rt with an increase in temperature is suggestive of inhibitor
chemisorption as opposed to physical adhesion onto the metal surface. It is also observed
that Rt increases with an increasing inhibitor concentration (Figure 3.16). The increase in
Rt with increasing concentration at short deposition times (i.e., 30 minutes) suggests that
the Cu surface has not yet become saturated with inhibitor molecules.
With the increasing inhibitor concentration, the charge transfer resistance, Rt,
increases, but the double layer capacitance, Cdl, indicating that more inhibitors are
adsorbed on the Cu surface. As more inhibitors are present at the adsorption sites on the
Cu, the probability of coordination between the inhibitors and the Cu increases. The
increase in charge transfer resistance, Rt, with increasing concentration at short
deposition times also suggests that the Cu surface has not become saturated with inhibitor
molecules. The Cdl values decrease after the inhibitor adsorption, because the adsorbed




C dl e=  (3.7)
Here, e  is the dielectric constant of the medium/monolayer  between the electric
double layer at the interface and l represents the distance between parallel charge plates
of a  capacitor. Hence, the decrease in Cdl can be used to approximate the surface
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coverage of the inhibitor, which in turn represents the extent of monolayer formation on
the Cu surface [10]. Theoretically, Cdl values will decrease with increasing inhibitor
adsorption due to increasing thickness. However, the dielectric constant of the medium or
monolayer ( e ) between the electric double layer at the interface would affect Cdl.
Therefore thickness is not the only parameter that will affect Cdl.
It is evident in Table 3.2 that the film formation on Cu is almost complete for all
the inhibitors after 24 hours (1440 minutes) of deposition, as there is minimal change in
Cdl in comparison to 48-hour (2880 minutes) deposition. However, the decrease in Cdl
could also be due to the thickening of the organic film on the Cu surface, as the
capacitance is inversely proportional to the distance between parallel plates of a
capacitor, which is equivalent to the thickness of the inhibitor. This would suggest that
the subsequent layers are adsorped either physically or chemically onto the initial
chemisorbed monolayer on the Cu surface, leading to a multilayer structure. In our case,
it has been shown that the inhibitor deposited at short immersion times and low
temperatures on the Cu surface is being restricted to almost a monolayer thickness.
From Figure 3.17, it is observed that Rt increases with increasing inhibitor
deposition temperature. As the deposition temperature of the inhibitor increases, the Rt
increases and Cdl decreases (Table 3.2). The increase in Rt with an increase in deposition
temperature is indicative of chemisorption of the inhibitors on the metal surface. This is
because chemisorption requires an activation energy to form chemical bonds. In contrast,
Rt decreases with temperature in physisorption due to the relatively weaker bonds
becoming unstable at high temperatures.
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The overall circuit components in typical EIS modeling include the solution
resistance, the coating resistance and capacitance, and the metal substrate resistance and
possibly capacitance.  Dipole moments present in the various organic substrates might
affect the IE when the applied field of the EIS changes direction slowly, allowing time
for the permanent dipole moment to reorient, viz. the whole molecule rotates into a new
direction and follows the field.  However, when the frequency of the applied field is high,
a molecule cannot change direction fast enough to follow the change in direction of the
field and the dipole moment then makes no contribution to the polarization of the organic
substrates. Due to the varying high frequencies (of more than six orders of magnitude)
used in our EIS analysis, it is believed that the effects of dipole moments will be
minimized and will not play a significant role in the systems investigated in our work.
Thus, the coating component is largely determined by the thickness and more
importantly, its effectiveness as a barrier to electrochemically-active ions as
demonstrated in this study.
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5.00E-04 30 293 27.5 5.95 3.71E-07 82.2
1.00E-03 30 293 24.8 7.09 2.51E-07 85.0
5.00E-03 30 293 21.3 10.79 2.46E-07 90.2
1.00E-02 30 293 35.4 13.48 1.57E-07 92.1
5.00E-02 30 293 27.3 14.78 1.52E-07 92.8
5.00E-03 1440 293 28.9 13.07 2.12E-07 91.9
5.00E-03 2880 293 28.9 13.11 2.05E-07 91.9





5.00E-03 30 333 29.8 21.74 8.75E-08 95.1
5.00E-04 30 293 27.5 1.835 2.09E-06 42.1
1.00E-03 30 293 27.3 2.129 1.33E-06 50.1
5.00E-03 30 293 32.3 2.22 1.19E-06 52.2
1.00E-02 30 293 27.8 2.789 8.98E-07 61.9
5.00E-02 30 293 31.9 2.958 6.78E-07 64.1
5.00E-03 1440 293 26.6 5.24 6.08E-07 79.7
5.00E-03 2880 293 26.6 5.3 4.14E-07 80.0






5.00E-03 30 333 26.2 7.36 2.84E-07 85.6
5.00E-04 30 293 28.2 3.57 9.45E-07 70.3
1.00E-03 30 293 25.3 4.19 7.14E-07 74.7
5.00E-03 30 293 30.0 4.98 5.86E-07 78.7
1.00E-02 30 293 38.6 7.6 4.35E-07 86.0
5.00E-02 30 293 24.9 7.91 2.82E-07 86.6
5.00E-03 1440 293 28.7 8.1 2.73E-07 86.9
5.00E-03 2880 293 28.7 8.23 2.72E-07 87.1






5.00E-03 30 333 27.3 14.7 2.34E-07 92.8
5.00E-04 30 293 26.7 1.419 2.86E-06 25.2
1.00E-03 30 293 35.3 1.488 1.62E-06 28.6
5.00E-03 30 293 26.0 1.996 1.58E-06 46.8
1.00E-02 30 293 27.6 2.136 1.55E-06 50.3
5.00E-02 30 293 25.2 3.145 1.36E-06 66.2
5.00E-03 1440 293 30.8 3.17 1.36E-06 66.5
5.00E-03 2880 293 30.8 3.19 1.36E-06 66.7





5.00E-03 30 333 26.0 4.47 1.23E-06 76.2
5.00E-04 30 293 32.2 2.511 2.45E-06 58.0
1.00E-03 30 293 33.8 2.526 2.13E-06 57.7
5.00E-03 30 293 31.7 2.977 2.04E-06 64.3
1.00E-02 30 293 32.5 3.132 1.58E-06 66.1
5.00E-02 30 293 28.6 4.19 1.27E-06 74.7
5.00E-03 1440 293 24.3 5.55 1.27E-06 80.9
5.00E-03 2880 293 24.3 5.6 9.89E-07 81.0






5.00E-03 30 333 27.8 6.12 3.78E-07 82.6
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Figure 3.16: The effect of the inhibitor concentration on the impedance spectra in 0.5 M
H2SO4: (a) DT, (b) BTA, (c) MBT, (d) IMD, (e) BTIA.
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Figure 3.17: The effect of deposition temperature on the impedance spectra: (a) DT, (b)
BTA, (c) MBT, (d) IMD, (e) BTIA.
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3.3.5 Effects of Deposition Solvents
The solvent is regarded as one of the important factors for controlling surface
morphologies of SAMs [36-37]. The chemical reactivity of Cu toward substances present
in the adsorption solution, particularly the solvent affects the quality of the SAM formed.
Ethanol, one the most common solvents for alkanethiol self-assembly, is found to have a
negative effect on monolayer self-assembly due to its chemical reactivity towards copper.
With toluene as the solvent, a more oriented and crystalline monolayer are obtained [14].
Thus, it is believed that the solvent will also affect the efficiency of the inhibitor.
An experiment is conducted to address this by depositing DT with four different
solvents: water, ethanol, toluene and hexane. The results are shown in Figure 3.18. The
order of increasing Rt of the different solvents used are: hexane > toluene > ethanol >
water. It is observed that polar protic solvents, such as water and ethanol fare worst in
terms of inhibition properties in comparison to aprotic and/or non-polar solvents. This is
probably due to the higher solubility of thiols in a aprotic and non-polar solvent, i.e.,
hexane, which results in more efficient adsorption and arrangement of the molecules on
the Cu surface. As DT is not soluble in water, it is evidently observed that it formed
micelles within the solvent when it is introduced into water. The results show that the
type of deposition solvent affects the properties of the inhibitors and high quality of self-
assembled organic films can be obtained by using a non-polar aprotic solvent, which will
have a higher solubility in the solvent.
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Figure 3.18: The effect of solvent used in deposition of DT on the efficiency of inhibitors
in 0.5 M H2SO4.
3.3.6 Adsorption Isotherm
A monolayer adsorption model is proposed on the basis of IE variation with the
inhibitor concentration. Following the assumption that the inhibition action of the SAM is
due to the geometric coverage of the SAM on the Cu surface, the Langmuir adsorption
isotherm is used to correlate the degree of surface coverage (q ) with the concentration of
the inhibitor, i.e., q»IE . However, it is important to note that a simple Langmuir
adsorption isotherm may not be sufficient, if the adsorbed molecules form a multilayer. A








Here, C is the inhibitor concentration deposited on the Cu surface, q  is the fractional
coverage and B is the adsorption equilibrium constant related to the free energy of










Here, Csolvent is the molar concentration of the solvent, which in the case of ethanol is









The free energies of adsorption are evaluated from the y-intercepts of a plot of qC
versus C (Figure 3.19a) and are shown in Table 3.3. The free energies of adsorption are
calculated and tabulated in Table 3.3. It is observed that DT has the highest affinity for
Cu due to its largest free energy of adsorption. This conforms to the earlier inference on
the relative inhibition efficiency order.
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Figure 3.19: Adsorption isotherm plots of an inhibitor-modified Cu substrate in 0.5 M
H2SO4.
Table 3.3: Free energy of adsorption ( D Gads).






Both BTA and IMD have similar adsorption mechanisms; however BTA has a
larger Rt and adsGD  due to the additional benzene ring, which provides a better shielding
to the underlying Cu surface by forming a thicker monolayer. The p -electron cloud of
the aromatic ring overlaps with the vacant d-orbitals of Cu, facilitating effective
adsorption and thereby screening the electrode from the solution. It also helps to
resonance-stabilize the anionic azole-intermediate formation during chelation [19-20].
The higher IE of BTIA over BTA can be attributed to the more stable BTIA-Cu
complex formed by the chemisorption of the S atom within its heterocyclic ring to the
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Cu. Unlike BTA, the chemisorption of BTIA occurs through the coordination of the S
atom rather than the N atom. This is because the inhibition efficiency of S-containing
compounds is generally superior to that of N-containing compounds due to the tendency
of S forming a stronger coordination bond compared to N based on electronegativity [5].
Therefore the increase in IE is attributed to the more stable BTIA-Cu chelate.
MBT is observed to have a larger Rt and adsGD  compared to BTIA. This is due to
the additional exocyclic thiolate substituent group attached to the ring. The sulfur atom of
the MBT thiazole ring is expected to have a weak coordination ability, since lone pairs on
this atom participate in the resonance structure of the molecule, resulting in a reduction of
electron density on the S atom and a decrease in electron donating power. Therefore, the
main form of bonding between MBT and the Cu surface is through the exocyclic sulfur.
The larger Rt is attributed to the stronger chemical thiolate bond of the MBT-Cu in
comparison to the thiophene-like coordination of BTIA-Cu. This results in a more stable
complex of MBT-Cu compared to BTIA-Cu.
An EIS experiment is further conducted on a set of common sulfur- and nitrogen-
containing inhibitors to test the earlier hypothesis of sulfur-Cu chelate being superior
over nitrogen-Cu chelate in terms of inhibition efficiency. Figure 3.20 depicts the
chemical structures of some S-containing (e.g. benzenethiol and thiophene) and N-
containing (e.g. pyridine and pyrrole) organic inhibitors, their EIS impedance spectra in
0.5 M H2SO4 are shown in Figure 3.21. As observed from Figure 3.21, the protective
efficiency of S-containing compounds is generally superior to that of N-containing
compounds. This corroborates the earlier results and is consistent with literature [5]. This
is due to the tendency of S to form a stronger coordination bond compared to nitrogen-
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containing molecules based on electronegativity. Benzenethiol molecules adsorb on the
Cu surface via the thiolate bond; thiophene molecules adsorb via the p -electron
coordination to Cu. The larger Rt  of benzenethiol over thiophene is attributed to its
stronger form of bonding. The larger Rt  of pyridine over pyrrole is most probably due to
the presence of the benzene ring, which could bond to the Cu surface through its aromatic
p electrons. Therefore it is demonstrated that the stability of chelate is important in








Figure 3.20: Chemical structures of inhibitors
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Figure 3.21: Nyquist impedance spectra of inhibitor-modified Cu in 0.5 M H2SO4 with
inhibitor deposited at 5 mM, 20 0C and with a deposition time of 1 hour.
3.3.7 Film Packing Density
DT is still observed to give the highest Rt among all the inhibitors at long
deposition times (Table 3.2) despite being the thinnest film (Table 3.1). This shows that
inhibition efficiency of the film is not necessary proportional to the thickness of the film.
The high corrosion resistance of DT film may be due to its linear molecular structure and
strong thiolate bonding, which enables it to form a more compact film with fewer pinhole
defects on the Cu surface in comparison to the azolic molecules. Early studies of the
structure of alkanethiols on Au <111> with molecular-level resolution reported
diffraction peaks representative of a )33( ´  R30° structure relative to the underlying
Au <111> substrate [40]. Although the Cu <111> surfaces differed in structure details
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from the Au <111> surface, it has been concluded that the structures of alkanethiols on
copper are qualitatively similar to those on gold in forming a densely packed, oriented
monolayer film [16]. The differences in the formation of the monolayer on Cu and Au are
attributed to the difference in the reactivity of the surfaces, particularly the susceptibility
of Cu to oxidation on exposure to air [16]. Synchrotron X-ray reflectivity is employed
primarily to determine the density of the adsorbed DT and MBT films as shown in Figure









where r  is the electronic density of the film, cq is the critical angle for X-ray total
reflection and l  is the wavelength of the irradiating X-ray. Figure 3.22 shows that DT
film has a larger critical angle indicating that DT molecules form a more compact film
with a higher packing density in comparison to MBT molecules. This shows that the
packing density of an inhibitor on the metal surface has a considerable influence over the
inhibition it provides. Hence, the observed increase in corrosion resistance of DT over
MBT is probably due to its structural linearity, which enables DT molecules to form a
more-dense packed film in comparison to MBT, although they bond similarly via the
thiolate bonding to Cu.
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 Figure 3.22: X-ray reflectivity spectra of DT and MBT.
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3.4 CONCLUSIONS
Our results have shown that the effectiveness of a corrosion inhibitor depends on
a number of factors, such as the structure and chemical make-up (functional groups) of
the inhibitor, the stability of the chelate and the experimental conditions such as the
inhibitor concentration, the temperature of deposition, the deposition time and the
solvents employed. The efficiencies of the inhibitors studied herein is of the order: DT >
MBT > BTIA > BTA > IMD. It is determined that the efficiency of the inhibitor
increases as the inhibitor concentration, the temperature and the time of deposition
increases. The efficiency of the inhibitor also increases when an aprotic and non-polar
solvent is used in depositing the inhibitive film as compared to using a protic and polar
solvent. The stability of the chelate appears to be an important factor in determining the
inhibition efficiency. However, it is concluded that an organized and densely packed film
is able to provide a greater barrier against the transport of corrosive species in
comparison to the resistance offered by a thicker organic film.
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Effect of Substituent Functionality on the Protective Properties
of Self-Assembled Benzenethiols on Copper
                                                                                                                                                
This chapter details the effects of the different substituted functional groups on
the inhibition efficiencies of a series of benzenethiol (BT) molecules at different position
on the benzene ring: X-C6H4-SH (where X = para–CH(CH3)2, para-CH3, para-F,  para-
NHCOCH3, para–NH2,  meta-NH2 and ortho–NH2). In comparison, Chapter 3 studies the
effects of the different bonding group to the Cu surface and the molecule structure of the
inhibitor on protection efficiency. Benzenethiols (BT) are chosen primary because of
their easier chemical synthesis due to the reactive benzene ring and hence the ready
availability of these required chemical compounds from the market in comparison to
substituted linear chain thiols.
These BT molecules are prepared by adsorption from solution onto a fresh copper
(Cu) surface pretreated by a nitric acid etch. The corrosion inhibition efficiency of the
modified Cu surfaces in a sulfuric acid solution was investigated by electrochemical
methods. The protection afforded by the substituted functional group on BT is strongly
influenced by the type and the position of the substituent on the benzene ring. BT without
any substituent group on the ring is ineffective corrosion inhibitor, indicating that the
chemical configuration is the key factor in determining the efficacy of the SAMs as
barriers to electrochemically corrosive ions. It is further proposed that the steric
hindrance offered by the substituent group in the SAMs plays a very important role in
determining its barrier properties.
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4.1 INTRODUCTION
Copper (Cu) is the preferred metal for creating multilevel interconnect structures
in ultra-large scale integrated circuits due to its high electrical conductivity and resistance
to electromigration [1]. One of the major challenges in Cu metallization technology is the
prevention of Cu oxidation and the resulting increase in resistivity, which leads to inferior
device performance and failure. Self-assembled monolayers (SAMs) of organic inhibitors
have been widely studied and determined to be able to provide a convenient method of
corrosion inhibition, since the process of self-assembly is simple and the chemical
composition of SAMs can be tailored by design. Chemisorbed organic molecules prevent
copper corrosion by forming a chelate on the metal surfaces [2] and  the inhibition
efficiency (IE) of an inhibitor depends strongly on the chemical structure or the
functional groups present in the inhibitor molecule [3]. Furthermore, the molecular-level
structure and composition of materials can dramatically affect their bulk and interfacial
properties. In the design of coatings for corrosion inhibition, the molecular structure of
the components controls the free volume within the coating and can often govern the
provided level of protection [4]. This is especially important for ultra-thin films that are
used to protect components within microelectronic devices. Hence the pursuit of
controlling the molecular-level structure within such films to improve performance is
both desirable and challenging.
Riggs et al. [5] have studied the inhibiting action of benzenethiols on the
corrosion of iron and steel in a HCl solution and found that the different inhibiting effects
of the thiols are due to interactions of the electrolyte-affected metal surface and the
polarized part of the organic molecule. They also found that ortho-amino and ortho-
85
carboxylic groups increase both anodic and cathodic inhibitor characteristics, while the
methyl group increases the anodic inhibitor characteristics of the thiols. Le Roy [6]
studied the inhibiting action of possible chelating groups for the corrosion prevention of
zinc and galvanized steel and found that although ortho, methyl and para-amino
substituted phenols and benzenethiols are capable of chelating with zinc, none of these
compounds were effective as corrosion inhibitors. Every et al. [7] studied a wide range of
cyclic N- and S-containing compounds, including some benzenethiols and found that the
protective efficiency of S-containing compounds is generally superior to that of N-
containing compounds. Abdel Aal et al. [8] studied the effect of benzenethiol and its
methyl, amino, and carboxylic ring-substituted derivatives, a -toluenethiol and
thioglycolic acid on the corrosion behavior of Zn in solutions of selected acids, whose
anions have different adsorbabilities and complexation capacities with the electrode
surface. They found that various thiols behave differently in the acids studied and that the
adsorption of the inhibitors followed the Langmuir isotherm. Jun et al. [9] studied the
adsorption modes of benzenethiol and phenylmethanethiol on iron and found that in
addition to chemisorption by the formation of a s -bond between S and Fe atoms, p -
electron interaction takes place between the surface and the aromatic ring of
benzenethiol. Sankarapapavinasam et al. [10] have studied the mechanisms of Cu
corrosion inhibition by some substituted benzenethiols and found that when the potential
is made more noble, in situ polymerization of thiols takes place to yield polythiols, which
are found to be very effective corrosion inhibitors.
However, none of the afore mentioned reports have explained clearly the effects
of the ring substituents on their respective inhibition efficiencies. Due to the conjugation
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between the adsorbing thiolate and the substituent in the aromatic ring, it is likely that the
protection afforded by the different substituted BT molecules is strongly influenced by
the type and the position of the substituted functional groups on the benzene ring. This
will affect the acidity of the thiol proton, making the thiolate a softer or a harder ligand,
which will in turn, affect the adsorption of the organic molecules onto the Cu surface
and/or pose as a steric hindrance to incoming corrosive species, resulting in a better
diffusional barrier. In this study, the effects of the different substituted functionalities of
self-assembled benzenethiol (BT) on the corrosion inhibition of Cu in a sulfuric acid
solution have been investigated. The choice of these structurally and/or functionally
different organic inhibitors helps to identify the primary causes of their corrosion
inhibition actions. This information is critical in designing effective corrosion inhibitors
of Cu.
4.2 EXPERIMENTAL DETAILS
Benzenethiol (BT), 4-aminobenzenethiol (4-A-BT), 3-aminobenzenethiol (3-A-
BT), 2-aminobenzenethiol (2-A-BT), 4-isopropylbenzenethiol (4-IP-BT), 4-
methylbenzenethiol (4-M-BT), 4-fluorobenzenethiol (4-F-BT) and 4-
acetamidobenzenethiol (4-AA-BT) were obtained as high-grade commercial reagents,
purity >95%, from Sigma-Aldrich Inc. The structures of the inhibitors are shown in
Figure 4.1. They were dissolved in absolute ethanol to obtain the required concentration.
The Cu substrates were obtained from a commercial wafer fabrication plant and were
prepared by commencing with physical vapor deposition (PVD) of a 150-nm thick of
copper seed layer over Si. A 1000-nm thick copper layer was then electroplated over the
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seed layer using commercially available electroplating equipment.  Slides were cut from
wafers and degreased in acetone to remove surface contaminants. They were
subsequently etched in 7 M HNO3 for 30 seconds to remove the surface oxides. The
etching also provided a fresh and active surface, which strongly favored chemisorption of
the corrosion inhibitors [11]. The etched substrates were rapidly rinsed with deionized
water followed by pure ethanol. They were then immersed immediately in different
inhibitor solutions for an hour at room temperature to form the self-assembled films.
After the film formation, the substrates were rinsed with ethanol to remove the
physisorbed molecules and then dried with nitrogen before characterization.
The nature of the surface films was examined using a commercial XPS system
(Kratos Axis 165). The excitation source was Al Ka  radiation (photoelectron energy =
1486.7 eV). Binding energies for components of interest were referenced to the binding
energy of C 1s at 285.0 eV. FTIR measurements were recorded in a single reflection
mode using a Bio-Rad FTS 3500 infrared spectrometer with a laser source of 600 m W at
632.8 nm. The BT-modified Cu disc was mounted on a reflectance accessory and the p-
polarized light was incident at a grazing angle of 800 from the surface normal. A total of
1024 scans in the mid-infrared spectral range of 400 - 4000 cm-1 with a resolution of 4
cm-1 were collected. The sample compartment was continuously purged with nitrogen
during the characterization. Ellipsometric measurements were performed using a variable
angle spectroscopic ellipsometer (M-2000U J. A. Woollam Co., Inc., Lincoln, Nebraska,
U.S.A) in air at room temperature to determine the thickness of the surface films. The
spectra were acquired over the range of 500-1200 nm, at 10-nm intervals and at incidence
angles of 650 to 750. Data analysis was performed using the 3.352 WVASE32 software.
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Contact angle measurements were made on BT-modified Cu discs by the sessile drop
method using a First Ten Angstrom (FTA) 125 Standard Model contact angle analyzer.
The measurements were carried out at room temperature in air. Electrochemical
measurements were performed in 0.5 M H2SO4 with an Autolab potentiostat / galvanostat
PGSTAT100 and FRA modules both interfaced to a personal computer. A conventional
three-electrode glass cell equipped with a platinum counter electrode, an Ag/AgCl
reference electrode and the Cu substrate as the working electrode was used. The
impedance measurements were made at the respective corrosion potentials with a 5 mV
AC perturbation that was controlled between 10 mHz and 100 kHz. The potentiodynamic



































Figure 4.1: Chemical structures of inhibitors.
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4.3 RESULTS & DISCUSSION
4.3.1 XPS Surface Analysis
XPS scans were performed on bare and 4-F-BT modified Cu to confirm the
presence of the film and obtain more detailed information about the adsorbed species.
Figure 4.2 presents the characteristic Cu lines (Cu 2p and CuLMM Auger) for the bare Cu
and 4-F-BT modified Cu substrates. Analysis of both Cu 2p and CuLMM Auger lines is
required for the chemical identification of the Cu surface oxides. It is observed in Figure
4.2 that the chemical surface states of Cu are very different for the two substrates. The
bare Cu surface is typically a layer of CuO and Cu(OH)2 owing to the presence of the Cu
2p3/2 and CuLMM peaks at 934.7 and 569.6 eV (Figures 4.2a and c). In addition, the
presence of Cu2+ on the bare substrate is clearly indicated by the intense shakeup
satellites around 938-947 eV (Figure 4.2a), which appear at about 10 eV higher to the
binding energy (B.E.) of the main Cu 2p lines. These characteristic satellites are caused
by the presence of the unfilled (d9) valence level of the Cu2+ ion [12]. The Cu 2p3/2 peak
at B.E. 932.5 eV could be attributed to either metallic Cu or Cu1+, which is difficult to
distinguish in the Cu 2p spectra (i.e., ~0.1 eV difference). However the B.E. of the
CuLMM Auger line decreases by 2.6 eV for Cu2O (570.4 eV) relative to the Cu metal
(567.8 eV) due to differences in relaxation energies in these materials and can therefore
be used to clearly distinguish between them [12]. Cu2O does not seem to be present on
the bare Cu substrate, since its characteristic peak at CuLMM 570.4 eV is not observed.
The Cu 2p3/2 component of 4-F-BT modified Cu (Figure 4.2b) substrate arises as
a sharp peak at 932.5 eV and there are also Cu2+ shakeup satellites. This is corroborated
by the presence in the CuLMM Auger spectra of a peak 567.8 eV in Figure 4.2d, which is
91
typical of metallic Cu. This indicates the absence of Cu2+ on BT-modified substrates and
shows the effectiveness of BT in protecting Cu against atmospheric oxidation. The
shoulder at 570.4 eV suggests the possible presence of Cu2O and therefore it is not
possible in our experiment to have the Cu surface completely free of oxidation products
after removal from the solution and subsequent rinsing.  However, the Auger peak at
570.4 eV is relatively small compared to the peak of the metallic Cu at 567.8 eV,
indicating that only traces of cuprous oxide (Cu2O) are formed during the film
preparation.


















Figure 4.2: XPS Cu 2p spectra of: (a) Bare Cu and (b) 4-F-BT modified Cu, CuLMM
spectra of: (c) Bare Cu and (d) 4-F-BT modified Cu.
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Figure 4.3a shows the S 2p transitions of 4-F-BT modified Cu substrate. The XPS
spectra distinctly displayed two peaks at 162.5 and 163.7 eV that can be fitted well as a
spin-orbit doublet of S 2p3/2 and S 2p1/2 , which are attributable to thiolates with a
theoretical separation of 1.2 eV [12,14]. For thiol adsorption on Cu, it is formally
considered as an oxidative addition of the S-H bond to the Cu surface, followed by a





)0( HCuRSCuRSH +®+ +- (4.1)
Therefore, the presence of oxygen (Cu2O) in the film suggests that dissolution of oxygen
in the solution may have taken part in the self-assembly process in adsorption, either by
oxidizing some of the Cu atoms to Cu1+ ions on the substrate surface or promoting the BT
reduction and hence adsorption on the Cu surface, which is similar to the adsorption of
thiols on a Au surface [16]. The presence of a F 1s peak at 686.4 eV shown in Figure 4.3b
provides further evidence that the 4-F-BT film is indeed adsorbed on the Cu surface.
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Figure 4.3: XPS spectra of 4-F-BT: (a) S 2p and (b) F 1s.
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4.3.2 FTIR Surface Analysis
The FTIR reflection spectra of some substituted BT films: 4-IP-BT, 4-A-BT and
2-A-BT, adsorbed on Cu are shown in Figure 4.4. The infrared band assignments for the
films are listed in Table 4.1. In all three spectra, there are bands appearing around 1597,
1495, 1443, 1280, 1105, 800 and 672 cm-1. These bands arise from the vibrations of the
aromatic ring. This provides further evidence that the BT films are adsorbed on the Cu
surface. As p-polarized light has the electric field polarized almost normal to the metal
surface, the absence of a significant electric field parallel to the surface results in the
surface selection rule that vibrational modes parallel to the surface are infrared inactive;
only vibrations with a dynamic dipole normal to the surface are infrared active [17].
Hence, the observation of the vibration of the aromatic ring indicates that the aromatic
rings do not adopt an absolutely flat orientation, rather they are tilted relative to the Cu
surface. Although aromatic rings can adsorb on most metal surfaces in a flat-lying
geometry with the molecular plane parallel to the surface, in the case of BT molecules,
competition between the p -electron donation by the aromatic ring and the electron-
donation by the S atom affects the orientation of the molecule, changing it from lying flat
to tilting away from the Cu surface hinging on the S-Cu bond. Certain distinct
characteristics of the film (e.g. 4-IP-BT in Figure 4.4a) can be observed at 2920 and 2850
cm-1, which correspond to the symmetric and asymmetric CH3 stretching vibrations,
respectively. The oscillating bands around 3711 and 3610 cm-1 indicate the presence of
OH vibrations, which are due to moisture from the ambient air in the detection chamber.
95
4000 3500 3000 2500 2000 1500 1000 500












































Figure 4.4: FTIR reflectance spectra of (a) 4-IP-BT, (b) 4-A-BT and (c) 2-A-BT.
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2920 sym. CH3 stretch
2850 asym. CH3 stretch
1597 ring C=C stretch
1495 ring C=C stretch
1443 ring C=C stretch
1280 Ring vibration
1105 CH in-plane mode
800 C-H out-of-plane bending
672 Ring torsion
4.3.3 Ellipsometric Analysis
A four-layer model consisting of a film having a Cauchy dispersion relation [19]
on a Si/Cu/Cu2O substrate is employed to analyze the ellipsometric optical angles: D  and
Y , to estimate the thickness of the film. In this model, the Si layer is fixed at 0.6 mm, the
electroplated Cu layer has a thickness of 1 m m and the Cu2O layer is 1 nm thick as
measured on a bare Si/Cu wafer after treatment with 7 M HNO3. These three values are
fixed during data fitting of the film thickness. The fitted ellipsometric angles, D  and Y
of 4-IP-BT are shown in Figure 4.5a and b, respectively. Each fit generates a mean-
square error (MSE) of less than 2, thereby ensuring a good fit between experimental and
model-generated data. The molecular thicknesses of all the BT films on Cu are
determined to be less than 2 nm. This is indicative of the surface layer being restricted to
almost a chemisorbed monolayer under the stipulated deposition conditions.
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Figure 4.5: (a) D  and (b) Y ellipsometric spectra of 4-IP-BT film on the Cu substrate and
the model fits are obtained using a Cauchy model.
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4.3.4 Potentiodynamic Polarization
Electrochemical studies enable the determination of the efficacy of the resistance
to corrosion afforded by the various organic inhibitors [10-11]. Protection against
corrosion stems from the chemisorbed BT molecules on the Cu surface acting as barriers
against the transport of electrochemically corrosive ions to the underlying Cu substrate.
The electrochemical experiments were conducted in well-aerated 0.5 M H2SO4. Although
Cu can hardly be corroded in deoxygenated dilute sulfuric acid (since Cu cannot displace
hydrogen from acidic solutions), dissolved oxygen present in aerated H2SO4 is reduced
on the copper surface. The reduction may involve the conversion to hydrogen peroxide
followed by a further reduction to water. It is a good approximation to ignore the
evolution of hydrogen and only consider the reduction of oxygen in the aerated sulfuric
acid solutions at potentials near the corrosion potential [20]. Cathodic reduction of
dissolved oxygen can be expressed by either a direct four-electron transfer as shown
below:
OHeHO 22 244 ®++
-+ (4.2)
or by two consecutive two-electron tranfers as shown below:
222 22 OHeHO ®++
-+  (4.3)
OHeHOH 222 222 ®++
-+  (4.4)
The transfer of oxygen from the bulk solution to the copper/solution interface will
strongly affect the rate of oxygen reduction, irrespective of the mechanism. The
following two continuous steps describe the dissolution of copper in sulfuric acid [20]:
-+Û eICuCu ads)( (fast step) (4.5)
-+Û eIICuICu ads )()( (slow step) (4.6)
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Here, adsICu )(  is an adsorbed species at the copper surface and does not diffuse into the
bulk solution.
Figure 4.6 shows Tafel polarization curves of the bare copper electrode and the
BT-treated copper electrodes in 0.5 M H2SO4. The deposition of the inhibitors on the Cu
substrate shifts the corrosion potential of Cu cathodically and anodically to a small
extent, while it strongly reduces both the anodic and cathodic current densities.
Particularly, the cathodic reaction is inhibited to a larger extent than the anodic reaction.
Since the transfer of oxygen from the bulk solution to the copper/solution interface will
strongly affect the rate of oxygen reduction, it can be inferred that the adsorbed layer
behaves as a cathodic inhibitor to Cu corrosion by retarding the transfer of O2 to the
cathodic sites of the Cu surface. The hydrophilic mercapto group (i.e., -SH) in the BT
molecule has a strong affinity for copper and the inhibitor molecule anchors on the
copper surface via the thiolate bond, while the hydrophobic benzene ring with different
substituent groups, constitutes the ultrathin protective monolayer. The protection ability
of the BT molecules against corrosion originates from the hydrophobicity of the densely
packed organic film, completely insulating the underlying copper surface.
The corrosion current densities, potentials and corrosion rates are calculated from
the Tafel slopes in Figure 4.6 and are shown in Table 4.2. The corrosion rate can be
expressed in terms of current density by the Faraday’s law. The relationship between
metal corrosion rate and corrosion current density is given as:








Here, icorr is the corrosion current density, r  is the specimen density and Eq. wt is the
equivalent weight of the metal. The difference in the corrosion current densities provides
insight on the effect of the substituents on BT in inhibiting Cu corrosion. 4-IP-BT
exhibits the lowest corrosion current density among all the inhibitors studied under
identical experimental conditions as shown in Figure 4.6a. The difference in the corrosion
current densities and corrosion rates arises from the different substituents functional
group at the para position of the benzene ring, which in the case of 4-IP-BT is an
isopropyl group. In addition, Figure 4.6b shows that the substituted NH2 group at the
meta and ortho position also exerts an influence on the protection efficiency of the
inhibitors, this is evidenced by the difference in corrosion rates and current densities
observed among the 4, 3, 2-A-BT molecules. Among them, 2-A-BT exhibits the best
corrosion protection as determined by its lowest corrosion rate and corrosion current
density as shown in Table 4.2. Thus, the substituent plays an important role in
determining the extent of corrosion protection among the different inhibitors.
     Table 4.2: Corrosion current densities, potentials and corrosion rates of bare







Bare 2.81X10-2 -17 0.658
BT 1.30 X10-2 -14 0.169
4-IP-BT 3.80 X10-3 -16 0.089
4-M-BT 4.90 X10-3 -13 0.115
4-F-BT 5.46 X10-3 -14 0.128
4-AA-BT 7.19 X10-3 -20 0.224
4-A-BT 1.12 X10-2 -20 0.306
3-A-BT 9.54 X10-3 -19 0.262
2-A-BT 7.77 X10-3 -28 0.182
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2   BT
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6   4-M-BT
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Figure 4.6: Tafel polarization curves of bare and BT-modified Cu in 0.5 M H2SO4.
(a) Effects of different para substituents. (b) Effect of NH2 substituent at different
positions.
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4.3.5 Electrochemical Impedance Spectroscopy
Figure 4.7 shows the Nyquist impedance plots of the copper substrates coated
with different BT molecules in 0.5 M sulfuric acid. The impedance spectroscopy is based
on the measurement of the response of the electrochemical cell to an alternating potential
of a small amplitude. Impedance data were analyzed and fitted to the circuit parameters
using the non-linear least square method in the program EQUIVCRT by Boukamp [21].
The electrochemical cell can be modeled as an equivalent circuit with a parallel
combination of a double-layer capacitance (Cdl) and a charge transfer resistance (Rt) in
series with a solution resistance (Rs), which corresponds to the simplest physical situation
at an electrode surface (Figure 4.8). It must be emphasized that there will often exist
different model circuits that produce identical impedance responses and the most




Figure 4.8: An equivalent circuit used for fitting the impedance data.
In a practical electrode system, the impedance spectra were often distorted –
depressed or elevated semicircles. This phenomenon is known as the dispersing effect
[22]. Another reason that all the plots shown in Fig. 4.7 exhibit distorted semicircles is
possibly due to the inherent nature of the substrate (Cu thin film on a semiconducting
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material – Si), since all of them exhibited the same characteristic curves, regardless of
having the inhibitors on the surface.  Due to the fact that the double-layer did not behave
as an ideal capacitor i.e. in the presence of the dispersing effect, a constant phase element
(i.e., CPE) was used as a substitute for the capacitor in the equivalent circuit to fit the
impedance behavior of the electrical double layer more accurately [22]. The CPE is a
special element whose value is a function of the angular frequency, w , and whose phase
is independent of the frequency. Its admittance, CPEY , and impedance, CPEZ , are
expressed as:
n
CPE jYY )(0 w= (4.8)
n
CPE jYZ
-= )(1 0 w (4.9)
Here, Y0 is the magnitude of the CPE, w  is the angular frequency and n is the exponential
term of the CPE [22]. The CPE may also be used to account for the roughness of the solid
electrode, whereby the lower the value of n, the rougher the electrode surface. The
charge-transfer resistance, Rt, corresponds to the corrosion rate of a metal in corrosive
solutions. A smaller Rt corresponds to a faster corrosion rate. Accordingly, the inhibition











In this equation, Rt is the charge transfer resistance of the inhibitor-Cu substrate and 'tR  is
that of the bare Cu substrate. The simulated impedance parameters and calculated I.E. of
the different BT-modified Cu surfaces are shown in Table 4.3. The estimated error for all
the parameters obtained from the fitted model are all estimated to be <10% after iteration
by the software. It is observed that the charge transfer resistance increases upon the
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deposition of the BT molecules in comparison to bare Cu. The impedance spectrum of
bare Cu (Figure 4.7a) exhibits a distinct Warburg impedance, which can be attributed to
oxygen transport from the bulk solution to the Cu surface in aerated sulfuric acid
solutions.  This suggests that the corrosion process is controlled by the mass transport of
oxygen to the Cu/solution interface and indicates that the bare Cu is undergoing active
corrosion. The absence of the Warburg impedance on the BT-modified Cu substrates and
their much larger capacitive loops indicate that the organic BT films are resistant toward
corrosion.















Bare 1.36 0.68 0.67 - 74
BT 5.26 2.29 0.78 74.1 100
4-IP-BT 14.48 0.21 0.70 90.6 120
4-M-BT 12.50 0.26 0.68 89.1 115
4-F-BT 10.56 0.17 0.68 87.1 96
4-AA-BT 7.81 1.49 0.81 82.6 105
4-A-BT 5.86 1.02 0.75 76.8 95
3-A-BT 6.18 1.68 0.77 78.0 99
2-A-BT 6.95 1.12 0.76 80.4 100
105















































Figure 4.7: Nyquist impedance plots of bare and BT-modified Cu in 0.5 M H2SO4.
(a) Effects of different para substituents; (b) Effect of –NH2 substituent at different ring
positions.
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4.3.6 Effects of Substituted Functionality – Nature & Size
Chemisorption of BT molecules on the Cu(0) surface yields Cu(I) benzenethiolate
species in the same way as alkanethiols on Cu. Although the reaction of benzenethiols
with Cu(0) is not completely understood, the formation of the benzenethiolate-Cu
complex requires the loss of the -SH hydrogen. However, it has not been determined yet











HCuSHCXCuSHHCX +---®+-- +- (4.12)
Here, X is the substituent on the benzene ring. Functional groups that enhance
nucleophilicity and electrophilicity are described as ‘electron-donating’ and ‘electron-
withdrawing’, respectively, and the degree to which a given reaction responds to
electronic perturbation by a substituent depends upon the reaction type and its electronic
demands. Changes in substituents must be assessed relative to a standard that is
electronically neutral. Hydrogen is normally adopted as the neutral substituent, while
others are considered to be electron-donating or electron-withdrawing relative to it. The
loss of the -SH hydrogen will influence the formation of the benzenethiolate species on
the surface, which acts as the protective film against electrochemically corrosive species.
The loss of the -SH hydrogen is enhanced by the substitution of H for an electron-
withdrawing group, which weakens the S-H bond. Conversely, this loss of the -SH
hydrogen is decreased by an electron-donating substituent on the ring. Fluorine as a
substituent is electron-withdrawing and hence acid-strengthening, while -NHCOCH3,  –
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NH2, -CH3 and –CH(CH3)2 groups are increasingly electron-donating and therefore acid-
weakening [23]. The charge transfer resistances, Rt, of all para-substituted BT molecules
are markedly larger than that of the non-substituted ones. Therefore, it can be inferred
that any substitution in the benzene ring of the BT, regardless of whether electron-
donating or electron-withdrawing, improves the corrosion inhibiting properties of the
chemisorbed films.
It is further observed in Figure 4.7a that Rt values of the para-substituted BT
molecules are in the order of: isopropyl (-IP) > methyl (-M) > fluoro (–F) > acetamide (–
NHCOCH3) > amine (–NH2). From all the earlier inferences, there are two main factors
that can explain the observed order of Rt among the para-substituted BT molecules: the
nature of the substituents and the size of the substituents. As –F is electron-withdrawing,
it enhances the loss of the –SH hydrogen, which is necessary to form the benzenethiolate
species prior to bonding to the Cu surface (as depicted in Figure 4.9) and this results in
stronger thiol bonding.
This interpretation is further reinforced by the XPS S 2p spectra shown in Figure
4.10. As observed in the non-substituted BT and with an electron-withdrawing
substituent in 4-F-BT (Figures 4.10a and d, respectively), distinct S 2p3/2 and 2p1/2 peaks
attributable to thiolate bonding on Cu are observed [13].  However, for the other electron-
donating substitutents in BT molecules, their S 2p spectra show weak and indistinct
peaks, which are responsible for the same thiolate bonding (Figures 4.10b-c, e-h). In
addition, for 4-IP-BT and 4-M-BT (Figures 4.10b-c), an additional S2p peak at 169.2 eV
appears. This peak is similar to that of thiophene-like molecules adsorbed on Cu surfaces
through the coordination of the S atom to the Cu surface [24]. This indicates that the
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p electrons on the S atom are involved in the chemisorption process in addition to the
thiol bond formation. The results also show the effect of the substituent on the bonding
mechanism of BT molecules to Cu (Figure 4.9). Electron-withdrawing substituents
enhance the formation of benzenethiolate species required for forming a strong thiolate
bond, while electron-donating substituents weaken it. Therefore, in comparing the
electron-withdrawing para substitutent (–F) to electron-donating para substituents (e.g., –
NH2 and –NHCOCH3), -F yields a much larger Rt.
X SH OH Et+ X S- OH2 + Et+
Figure 4.9: Reaction of BT in an alkaline solution prior to binding to the Cu surface.
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Figure 4.10: XPS S 2p spectra of BT-modified Cu substrates: (a) BT, (b) 4-IP-BT, (c) 4-
M-BT, (d) 4-F-BT, (e) 4-AA-BT, (f) 4-A-BT, (g) 3-A-BT and (h) 2-A-BT.
110
There are nevertheless contradictory results for some electron-donating
substituents such as methyl (–M) and isopropyl (–IP), which exhibit larger Rt  values over
fluoro (–F) despite their acid-weakening effect. The increase in Rt is probably due to the
hydrophobicity and the larger size of their substituted functional groups. The degree of
hydrophobicity of the substituted functional groups is characterized by the contact angle
measurement on the Cu surface of a sessile water drop. This is depicted in Figures 4.11
(a-i) and their calculated values are shown in Table 4.3. 4-IP-BT and 4-M-BT have the
largest contact angles among the inhibitors, which suggests that the -IP and -M organic
moieties are more hydrophobic than other substituents. BT can be chemisorbed as a
surface ligand onto Cu, in which case surface coordination can take place through both
the -SH and aromatic moieties or solely through the –SH moiety [10]. It is reasonable to
assume that the inhibitors adsorb through the –SH group alone, since Cu has a smaller
affinity for the aromatic moiety and this hypothesis is supported by the results of the
polarized FTIR spectra, which suggest that BT does not adopt an absolutely flat
orientation, but is tilted relative to the Cu surface as discussed previously and as shown in
Figure 4.4.  As the BT is packed closely on the Cu surface through the thiol bonding, the
substituted –M or –IP group, which is much larger and more hydrophobic than the -F
group, acts as an additional layer of protection that shields the underlying Cu from
incoming corrosive species, thus explaining their larger Rt. The greater the
hydrophobicity and the larger Rt of the -IP compared to the -M group is likely being due
to the bulkier and dendritic (umbrella-like) branch of the former (Table 4.3, Figure 4.7a).
In comparing 4-AA-BT and 4-A-BT, the acetamide (-NHCOCH3) group is
observed to yield a much larger Rt than the amine (-NH2) group in Figure 7a. The reasons
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for this may consist of the following: Firstly, the acetamide group of 4-AA-BT has an
electron-withdrawing -COCH3 group attached to the amine. This will tend to weaken the





Figure 4.12: Electron-withdrawing effect of methylcarbonyl group of 4-AA-BT.
As a result, it has a smaller acid-weakening effect and enables the loss of the -SH
hydrogen more easily than does 4-A-BT, thereby facilitating the bonding. Secondly, the
acetamide is bulkier and more hydrophobic than the amine substituent (Table 4.3) and
this provides additional protection of the top-most layer against incoming corrosive
species. However, due to the unsymmetrical arrangement of the substituted -NHCOCH3
group of 4-AA-BT as evident from its molecular structure, the markedly better inhibition
performance of 4-IP-BT and 4-M-BT over 4-AA-BT, as shown in Figure 4.7a, seems to
suggest that the design of the coating might require a selection of substituents that could
geometrically achieve a dense packing [17]. This will in turn provide an excellent barrier
film against corrosive ionic species from attacking the underlying Cu substrate.
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Figure 4.11: Contact angles diagrams of various inhibitors-modified Cu substrates: (a)
Bare Cu, (b) BT-Cu, (c) 4-IP-BT-Cu, (d) 4-M-BT-Cu, (e) 4-F-BT-Cu, (f) 4-AA-BT-Cu,
(g) 4-A-BT-Cu, (h) 3-A-BT-Cu, (i) 2-A-BT-Cu.
(a) Bare Cu
(c) 4-IP-BT modified Cu
(b) BT modified Cu
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Figure 4.11: (Continued).
(d) 4-M-BT modified Cu
(e) 4-F-BT modified Cu
(f) 4-AA-BT modified Cu
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Figure 4.11: (Continued).
(g) 4-A-BT modified Cu
(h) 3-A-BT modified Cu
(i) 2-A-BT modified Cu
115
4.3.7 Effect of Substituted Functionality - Position
Figure 4.7b shows that the position of the functional group in the benzene ring of
the BT also influences the protection afforded by the organic film. The order of Rt due to
the effect of the position of the substituent is: 2-A-BT (ortho) > 3-A-BT (meta) > 4-A-BT
(para). These results are in agreement with the Tafel polarization results, which showed
that the NH2 substituent at the ortho position (relative to SH) gives the best protection
among the three different substituent positions. This is possibly due to the resonance or
the mesomeric effect on the benzene ring, as the perturbations by substituents in a
benzene ring are greater when they are located at the para and ortho positions than when
they are at the meta position [25]. This suggests that the transmission mechanism of the
?-electrons within the ring is of a conjugative nature, in which the charge is relayed
through alternate atoms. Therefore, 3-A-BT (i.e., meta) is unable to relay its charge to the
SH group, which will facilitate the loss of the SH hydrogen and its bonding to Cu. Since
the amine group at the meta position will not interact with the SH group, this explains the
larger Rt observed for 3-A-BT as compared to 4-A-BT. This is further supported by the
XPS N 1s spectra of three amino (NH2) -BT substituted at the para, meta and ortho
positions relative to –SH as shown in Figure 4.13. It is observed that the binding energy
(B.E.) of the N 1s of 4-A-BT and 2-A-BT shifts about 0.2 eV higher relative to 3-A-BT.
In general, the coordination of a ligand to a metal ion causes a decrease in the electron
density on the coordinating atom, giving rise to an increase in the core-electron binding
energy of the atom [26]. Since the presence of the NH2 group at the meta position will not
interact with the SH group due to the resonance effect, it is plausible that the shift in B.E.
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of N 1s of 4-A-BT and 2-A-BT is due to the electron-donating effect of the NH2 group in
the benzene ring.
408 406 404 402 400 398 396 394 392
408 406 404 402 400 398 396 394 392
408 406 404 402 400 398 396 394 392
FWHM = 1.55 eV


















Figure 4.13: XPS N 1s spectra of BT-modified Cu substrates: (a) 4-A-BT (para), (b) 3-A-
BT (meta) and (c) 2-A-BT (ortho).
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While 2-A-BT is expected to perform worse in terms of corrosion inhibition than
3-A-BT, Figure 4.7b shows the opposite. A reason for this may be due to the close
proximity of the NH2 substituent group to the Cu surface in the case of 2-A-BT, as it
adsorbs vertically through the SH group alone and since Cu has less affinity for the
organic moiety. Although there is a tendency of S to form a stronger coordination bond
compared to N-based molecules based on electronegativity [7], it has been demonstrated
for many azolic inhibitors (e.g. benzotriazole and imidazole), that nitrogen atom is able to
have a reasonably strong coordination to Cu [11].  Hence it is plausible that 2-A-BT is
chemisorbed as a bidentate surface ligand, whose surface coordination is through both the
sulfur and nitrogen atoms due to the close proximity of the NH2 substituent group to the
Cu surface. This would enhance the bonding of 2-A-BT to the Cu surface. This
hypothesis is corroborated by the results of XPS N 1s spectra shown in Figure 4.13.
Although the bonding of N to Cu in 2-A-BT could not be resolved at the detection limits
of XPS, it is nevertheless shown that the N 1s spectrum of 2-A-BT have a full-width-half-
maximum (FWHM) larger than 4-A-BT (Figures 4.13a and c). With an increase in B.E.
and a larger FWHM of 2-A-BT, it is very likely that part of the XPS N 1s peak is
attributed to the contribution of N coordinating to Cu. In addition, H-bonding at 3450 and
3350 cm-1 is clearly observed in the reflectance FTIR spectrum of 2-A-BT modified Cu
substrate in Figure 4.4c. This is not observed in the case of 4-A-BT (Figure 4.4b). Hence,
the additional capability of 2-A-BT in promoting a bidentate surface complex formation
with the Cu substrate, coupled with intermolecular H-bonding, explains why it provides
better protection against corrosion in comparison to 3-A-BT and 4-A-BT.
118
4.3.8 A Comparison with Dodecanethiol
Dodecanethiol (DT), which is a linear alkyl chain of twelve carbons, is a widely
studied and a proven, effective corrosion inhibitor of copper [11,27-28]. Its excellent
barrier properties to redox species responsible for corrosion is derived from its strong
head group-substrate thiolate bonding and interchain van der Waals interactions. It forms
a densely packed quasi crystalline barrier film [15,27-28] that provides a large coating
resistance, and is even reported to be able to heal defects by reorientation of its alkyl
chains at defective sites [29].
A comparison of the charge transfer resistances of DT with selected substituted
BT molecules studied herein is shown in Figure 4.14. The results reinforce the
importance of the substituted functionality of the BT molecules. From Figure 4.14, it is
clearly observed that BT has a much lower Rt than DT. The bonding to Cu in both cases
(BT and DT) is identical via thiol bonding. Therefore, the differences in Rt show that the
intermolecular forces among the BT benzene rings are much weaker in comparison to the
van der Waals interactions among the longer DT alkyl chains. However, upon
incorporating a methyl group or an isopropyl group at the para position, there is a marked
increase in Rt (i.e., 4-M-BT and 4-IP-BT), the Rt value is even larger than the Rt of DT.
This shows that a bulky and hydrophobic substituent (e.g., isopropyl) is able to greatly
enhance the protection efficiency of the inhibitor. BT molecules without any substituted
functional groups on their rings are ineffective corrosion inhibitors in comparison to the
substituted ones. This indicates that the chemical configuration is one of the key factors
in determining the efficacy of the SAMs as corrosion barriers. Therefore, it is proposed
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that the geometric steric hindrance offered by the substituted functional groups in the
SAMs plays a very important role in determining its corrosion inhibition properties.

















Figure 4.14: A comparison of Nyquist impedance plots of dodecanethiol versus some
benzenethiols in 0.5 M H2SO4.
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4.3.9 Adsorption Isotherm
Following the assumption that the inhibition action of the SAM is due to the
geometric coverage of the SAM on the surface of Cu, the Langmuir adsorption isotherm
can be used to correlate the degree of coverage (q ) of the surface with the concentration
of the inhibitor viz. q»IE  [30]. The Impedance spectra of various BT-modified Cu
substrates with different concentrations of inhibitors are shown in Figures 4.15 (a-h) and
their simulated impedance parameters are tabulated in Table 4.4. A Langmuir isotherm







Here, C is the inhibitor concentration of the deposited on the Cu surface, q  is the
fractional coverage and B is the adsorption equilibrium constant related to the free energy










Here, Csolvent is the molar concentration of the solvent, which in the case of ethanol is









The free energies of adsorption are evaluated from the y-intercepts of a plot of qC . The
Langmuir isotherms of the different BT molecules are plotted in Figure 4.16. A good fit
is obtained in drawing a straight line through the data. The free energies of adsorption are
calculated and presented in Table 4.5. The large negative values of the free energies of
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adsorption are usually evidence of strong interaction. However, the calculated values of
the free energies of adsorption of the various inhibitors studied herein do not conform to
the order of their respective inhibition efficiencies. This shows that the substituted
functional group, in addition to altering the thermodynamic properties of adsorption as
calculated here, also provides a physical impediment to the incoming corrosive species
(e.g., hydrophobicity) to repel away water-soluble ions. As a result, the free energies of
adsorption cannot be used as a good gauge for the observed inhibition efficiency of the
various substituted BT molecules.
Table 4.5: Adsorption equilibrium constants (B) and free
 energies of adsorption ( adsGD ) of different BT molecules.



























































Figure 4.15: Impedance spectra of various BT modified Cu substrates with different
concentration of inhibitior: (a) BT-Cu, (b) 4-IP-BT-Cu, (c) 4-M-BT-Cu, (d) 4-F-BT-Cu,











































































































































Table 4.4: Electrochemical model impedance parameters at different












BT 4.19 1.27 0.76 67.5
4-IP-BT 10.60 0.40 0.75 87.2
4-M-BT 9.97 0.51 0.76 86.3
4-F-BT 7.71 0.57 0.76 82.3
4-AA-BT 7.18 1.46 0.81 81.0
4-A-BT 5.53 1.62 0.80 75.4
3-A-BT 5.51 1.48 0.77 75.3












BT 3.15 1.97 0.78 56.8
4-IP-BT 8.41 0.47 0.77 83.8
4-M-BT 8.98 0.62 0.76 84.8
4-F-BT 6.58 0.81 0.77 79.3
4-AA-BT 6.78 1.11 0.79 79.9
4-A-BT 5.16 1.44 0.79 73.6
3-A-BT 5.33 1.00 0.73 74.5












BT 2.73 1.37 0.69 50.1
4-IP-BT 7.95 0.35 0.74 82.9
4-M-BT 5.91 0.71 0.78 77.0
4-F-BT 6.00 0.82 0.78 77.3
4-AA-BT 5.00 1.58 0.78 61.4
4-A-BT 3.44 1.68 0.79 60.4
3-A-BT 4.63 1.09 0.73 70.6
2-A-BT 4.96 1.54 0.79 72.6
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Figure 4.16: Langmuir adsorption isotherms of different BTs adsorbed on the Cu surface.
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4.4 CONCLUSIONS
Self-assembled monolayers (SAMs) of benzenethiols chemisorbed on copper show good
inhibiting properties against Cu corrosion in 0.5 M H2SO4. The structure of the inhibitors
influences their inhibition efficiency and is strongly affected by the type and the position
of the substituted functional group on the BT molecules. The results indicate that the
inhibition efficiencies of the para substituted BT molecules increase in the following
order: –CH(CH3)2 > -CH3 > -F > -NHCOCH3 > –NH2; The nature and the degree of the
electronic perturbations (i.e., electron donating or withdrawing) by the substituted
functional group affect the bonding reaction of the benzenethiol and the copper surface.
More importantly, the hydrophobicity and the size of the substituted functional group
influence the barrier properties of the film, as it serves as an additional protective layer in
blocking out corrosive ionic species from reaching the substrate. The effect of the
position of the NH2 substituent on the inhibition efficiency increases from: ortho > meta
> para, relative to SH. The position of the substituent on the benzene ring influences the
resonance effect of the ring. As a result, the transmission mechanism of the electrons
within the ring is affected.
Based on the results obtained (Table 4.4), steric effect seems to play a more
important role in influencing the corrosion inhibition efficiency of the organic inhibitors
e.g. 4-IP-BT, though electronically it does not promote the dissociation of the H atom
from the thiol (-SH) to form the thiolate bonding with Cu (Cu-S). However, due to its
extensive steric hindrance to the incoming corrosion species, it offers the largest
corrosion inhibition among all the benzenethiols studied herein. The same reason apply
for 4-M-BT better corrosion inhibition performance over 4-F-BT, which the F atom is
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electron withdrawing, thereby favoring the thiolate bonding reaction with Cu. These
results are important in providing the rationale for the selection and molecular design of
inhibitors against Cu corrosion in aqueous media.
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CHARACTERIZATION OF LOW-K DIELECTRIC
TRENCH SURFACE CLEANING AFTER A
FLUOROCARBON ETCH
                                                                                                                                                
This chapter details the different cleaning methods of low-k dielectric copper
trenches used in the current microelectronics fabrication of sub 0.13 mm technology.
These trenches were fabricated from silicon carbide, silicon oxide and CVD SiCOH low-
k film using a fluorocarbon etching chemistry. The compared cleaning methods include
N2/H2 plasma treatment, semi-aqueous organic strippers, dilute HF and combinations of
plasma treatment and the aforementioned chemicals. Angle resolved X-ray photoelectron
spectroscopy (XPS) is the main method in investigating the nature and the quantity of the
contaminants deposited on the copper surfaces at the bottom of the trenches and on the
dielectric sidewalls. Significant Cu, C, F and O-containing contaminants were found on
both the copper surface at the trench bottoms and the dielectric sidewalls after etching.
The cleaning treatments were generally found to be ineffective when used individually.
On the contrary, a two-step approach viz. N2/H2 plasma treatment followed by wet clean
was found to result in favorable removal of contaminants. The inhibitive action of Cu
corrosion by three organic compounds in one of the post-etch stripper studied herein was
evaluated by electrochemical impedance spectroscopy and polarization techniques. It was
found that the organic inhibitors minimized corrosion of Cu by lowering the corrosion
potential (i.e., less noble) and reducing the corrosion current density.
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5.1 INTRODUCTION
The use of highly packed multilevel interconnects with a small RC delay has
attracted much attention for increasing the overall performance of logic chips in ultra
large scale integrated circuits (ULSI). Dielectric materials with a lower dielectric constant
(k) are being used to lower the capacitance between the metal lines, thereby reducing the
RC delay. [1] The chemical vapor deposition (CVD) of SiCOH low k dielectric films is
becoming popular. Some of the CVD SiCOH films currently being evaluated or used in
manufacturing include CORAL (from Novellus), Black Diamond (from Applied
Materials) and Aurora (from ASM), all of which have as-deposited dielectric constants
that are considerably lower than those exhibited by conventional silicon dioxide (k=3.9).
However, in the switch to CVD SiCOH as the new dielectric material, it is important to
maintain a clean interface between metallization layers by appropriate cleaning methods.
This is because a surface free of contamination reduces the contact resistance of the plugs
and the interfacial adhesion problems. Furthermore, copper does not self-passivate as
aluminum-copper does, and the resultant copper oxide is not a good conductor. To make
matters worse, copper can be oxidized by oxygen plasma during the photoresist stripping
in a wafer fabrication sequence. The use of wet chemicals is one solution to remove the
copper oxides. In this study, a multi-layer dielectric film stack comprising of CVD
SiCOH was deposited over a copper surface and was subsequently etched and treated by
an oxygen plasma. The aim of this study is to investigate, through X-ray photoelectron
spectroscopy, the efficiencies of the different types of cleaning methods (adopted in the
current wafer fabrication industry) in removing contaminants from both the copper
surface at the trench bottom and the dielectric sidewalls after the etching.
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5.2 EXPERIMENTAL DETAILS
The trench structures were prepared by a procedure that is shown in Figure 5.1.
The procedure commenced with the physical vapor deposition (PVD) of 250Å of
tantalum nitride (TaN) layer as the diffusion barrier on Si (100). This was followed by
PVD of 150 nm thickness of copper seed layer over TaN. A 1000 nm thick copper layer
was then electroplated over the seed layer using commercially available electroplating
equipment.  In this study, a blanket copper layer was used to mimic the first level of
copper interconnects.  A multi-layer dielectric film stack comprising of silicon carbide,
CVD SiCOH, silicon carbide, CVD SiCOH and silicon oxide were deposited
successively by PECVD using commercial CVD equipment. The CVD SiCOH dielectric
film has a as-deposited dielectric constant of 2.85. The silicon carbide has three
functions: firstly as a diffusion barrier layer that prevents copper from diffusing into the
dielectric materials, secondly as a protective cap layer against copper oxidation during
the photoresist strip (i.e., O2 plasma), and lastly as the etch stop layer (ESL) in the
conventional fabrication of trench first Cu dual damascene process. The trench structures
were formed by a conventional photolithography and the multi-layer dielectric film stack
was etched by reactive ion etching (RIE) using fluorocarbon chemistry such as CF4 and
CHF3, with the intermediate photoresist strip (PRS) performed using conventional oxygen
plasma. The SEM micrographs of the simulated Cu trench structures are shown in Figure
5.2. After the etching and PRS, the trenches were subjected to six different cleaning
treatments:
(i) N2/H2 plasma treatment performed on a commercially available RF plasma
asher;
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(ii)  Wet chemical cleaning using ST250 - a semi-aqueous organic stripper that
contains ammonium fluoride and is slightly alkaline [2];
(iii)  Wet chemical cleaning using NE111 – a semi-aqueous organic stripper that
contains ammonium fluoride and is slightly acidic [2];
(iv) N2/H2 plasma followed by dilute hydrofluoric acid (500:1 DHF);
(v) N2/H2 plasma followed by ST250;
(vi) N2/H2 plasma followed by NE111.
The nature and the quantity of the contaminants on the trenches as a result of the
dielectric etching were analyzed using a commercial XPS system (Kratos Axis 165) after
each step of cleaning. The excitation source was Al Ka  radiation (A photoelectron
energy of 1486.7 eV). Binding energies for the components of interest were referenced to
the binding energy of C 1s at 285.0 eV. Photoelectrons were detected at different takeoff
angles of q  = 900 and 300. By changing q , the observable surface region is changed from
the Cu surface at trench bottom (at q  = 900) to dielectric sidewalls (at q  = 300), as the X-
ray beam irradiates more of the sidewalls when the sample is tilted. Electrochemical
measurements were performed in a ST250 solution with or without inhibitors using an
Autolab potentiostat / galvanostat PGSTAT100 and FRA modules both interfaced to a
personal computer. A conventional three-electrode plastic cell equipped with a platinum
counter electrode, an Ag/AgCl reference electrode and the Cu substrate as the working
electrode was used. The impedance measurements were made at the respective corrosion
potential with a 5 mV AC perturbation that was controlled between 10 mHz and 100 kHz.
The potentiodynamic polarization curves were recorded from –0.25 to 0.05 V at a sweep
rate of 1 mV/s.
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Figure 5.1: Schematic depiction of the trench structures and the wafer fabrication
sequence.
Multi-step fluorocarbon RIE:
(1) Etching of silicon oxide, CVD SiCOH,
silicon carbide and CVD SiCOH
(2) In-situ photoresist strip using O2 plasma






















Figure 5.2: SEM micrographs of simulated patterned Cu trenches at a magnification of










5.3 RESULTS & DISCUSSION
Figures 5.3, 5.4, 5.5 and 5.6 show respectively the Cu 2p, Cu LMM, C 1s and F
1s spectra, respectively, of the fluorocarbons-etched trenches analyzed at a takeoff angle
of 90º for the different cleaning treatments. At this angle, the X-ray beam irradiates
predominantly on the bottom of the trenches and top surfaces of dielectrics and
photoelectrons are emitted mainly from these surfaces. Tables 5.1 and 5.2 show the
relative atomic percentage concentrations of various elements on the post-etched trenches
after undergoing different types of cleaning treatments, analyzed at two different takeoff
angles of 900 and 300, respectively. Compositions are derived from XPS peak areas
normalized to the number of scans and the XPS sensitivity factor.
5.3.1 Characterization of Surfaces Prior to Cleaning Treatments
The surfaces of the silicon oxide and copper after the multi-layer film stack
etching and photoresist removal are represented in Figures 5.3(a), 5.4(a), 5.5(a) and
5.6(a). In Figure 5.3(a), the 2p3/2 components consist of a peak at 932.5 eV that is
attributed to copper in the zero and +1 oxidation state and a peak at 934.5 eV that is
attributed to copper in +2 oxidation state. Possible Cu2+ compounds include copper(II)
carbonate, copper(II) oxide [3] and copper (II) hydroxide, while Cu2O is the most likely
Cu+ compound. The intense shakeup features between 940-945 eV are characteristic
Cu2+satellites caused by the presence of unfilled (d9) valence levels in the Cu(II) ions [4-
6]. Such features are mirrored in the 2p1/2 region between 950 and 965 eV. Indeed, it is
difficult to differentiate between metallic Cu and Cu2O signals at 932.5eV, since the
binding energies of their Cu 2p lines are very close (~0.1 eV difference). However, the
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kinetic energy of the CuLMM Auger line can be used to distinguish them, because the
different relaxation energy of Cu2O translates into an increment of about 2.0 eV relative
to copper metal [4-6]. From the CuLMM Auger spectrum of the sample (Figure 5.4(a)), it
is apparent that the main peak at 568.0 eV and a shoulder at 570.5 eV, corresponding to
metallic copper and Cu2O, respectively, can be observed. The relatively higher intensity
of the Cu2O peak suggests the presence of a thin layer of Cu2O over the copper metal at
the copper surface at the bottom of the trench.  One would expect the presence of copper
fluoride and fluorocarbon polymers from the use of fluorocarbon chemistry for the
etching. However, CuF2 cannot be resolved in the Cu 2p spectrum due to the close
proximity of its binding energy with other Cu2+ compounds (~935 eV). Nevertheless, the
CuF2 signal in the F 1s spectrum can be used to gauge the amount of CuF2 contamination.
The C 1s spectrum (Figure 5.5(a)) exhibits three peaks at 285.0, 286.3 and 288.5
eV. The main peak at 285.0 eV is attributed to C-H [7,8]. It could be a result of adsorbed
carbon (adventitious) from the atmosphere upon exposure to the environment or carbon
contaminants deposited during the etching process. The peaks at 286.3 and 288.5 eV are
typical characteristic of oxidized carbon species, in particular carbonyl species of the
types CO, C-O-C and CO-O-C [6,7]. The peak at the lower binding energy (286.3 eV)
can also be associated with the Si-O-C signals from the CVD SiCOH dielectric film. The
large enhancement of the peaks at 286.3 and 288.5 eV (Figure 5.5(a)) is due to the
oxidation by the O2 plasma of organic carbon compounds, many of which have been
determined to be polymeric in nature [7,8]. Interestingly, the C 1s spectrum does not
exhibit any peaks at 290.0 eV that are typical of fluorocarbon compounds such as CF and
CF2. [3,9,10]
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Figure 5.6(a) addresses the aforementioned issue regarding the presence of copper
fluoride and the absence of fluorocarbon compounds. The F 1s spectrum does confirm the
presence of copper fluoride at 683.8 eV. Interestingly, it also confirms the absence of CF
and CF2 compounds at ~688.2 eV and 686.6 eV [10]. These fluorinated compounds come
from the plasma and are deposited on the surface during etching due to free radical
recombination. It is presently unclear why our findings are different from that reported by
Ueno and co-workers [9], but it can be due to the small amount of fluorocarbon gases
used in the etching of bottom silicon carbide. The XPS signals of F1s spectra are
observed to be extremely weak, which could be easily influenced by background and
noise interference. This is especially so for Figure 5.6(c)-(g). This results in different
line-widths being observed on the Cu surface.
The above spectral observations have been summarized in Table 5.1. Table 5.2
shows the atomic concentrations for the take-off angle of 30º. Upon comparison with
Table 5.1, Table 5.2 reveals lower concentrations of oxidized carbon and CuF2 on the
trench sidewalls relative to the copper surface due to the more chemical nature of the
bottom silicon carbide etching. This implies that less copper has been sputtered onto the
sidewall.
5.3.2 Characterization of Surfaces after Different Cleaning Treatments
After the multi-step etching and photoresist strip, the trenches were subsequently
subjected to six different types of cleaning treatments in a study to compare the
effectiveness of contaminant removal. In Table 5.1, the relative atomic percentage
concentrations of the patterned trenches after undergoing different cleanings are shown.
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(i) After N2/H2 plasma treatment
Comparing with the earlier N2/H2 plasma treatment in Table 5.1, the reduction of
Cu2+ atomic concentration after the N2/H2 treatment is 9%. Since the CuF2 peak area
(Figure 5.6(b)) does not vary much (Table 5.1), it indicates that the majority of the
decreased Cu2+ compounds on the copper surface and the silicon oxide surface comes
mainly from the oxides of copper. Interestingly, Table 5.2 reveals a greater reduction in
the peak area of the CuF2 and Cu2+ species (i.e., 14%) on the dielectric sidewalls. Hence,
the N2/H2 plasma treatment is more effective in removing Cu2+species such as CuF2 and
CuO from the dielectric surface. The reduction mechanism is most likely the reaction of
hydrogen with the fluorine from CuF2 to form volatile HF compounds and with the
oxygen from CuO to form water vapor, with the copper compound simultaneously
reduced to Cu metal in both instances. Overall, the CuF2 contaminant removal by plasma
treatment is deemed to be ineffective in comparison to other cleaning methods studied
(Table 5.1).
From Table 5.1, the oxidized carbon (C-O-C) and carbonyl carbon peaks (CO,
CO-O-C) at 286.3 and 288.5 eV, are reduced by 11% and 6%, respectively. Oxidized
carbon is reduced through the reaction of H2 plasma with carbonyl species (CO) or other
forms of oxidized carbon contaminants to form water vapor and hydrocarbon compounds.
This could have led to an increase in hydrocarbon (CH) atomic concentration. It can be
observed that the removal of oxidized carbon using the N2/H2 plasma treatment is not as
effective on the dielectric sidewalls in comparison to the copper surface at the trench
bottom. There is an insignificant change in the atomic percentage of the oxidized carbon
or hydrocarbon contaminants on the dielectric sidewall by plasma treatment.
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(ii) After ST250 Wet Clean
From Table 5.1, it is observed that ST250 is not very effective in reducing Cu
oxides at the trench bottom (~4%) in comparison to reduction at the dielectric sidewall
(~12%). However, there is a large reduction in the CuF2 peak area on the copper surface
at the trench bottom (Figure 5.6(d)) and virtually all of the CuF2 is removed from the
dielectric sidewalls (Table 5.2). ST250 is quite effective in reducing carbon contaminants
on the trench bottom (11% and 17% for peaks at 286.3 and 288.5 eV, respectively).
However, it is observed in Table 5.2 that the oxidized carbon contaminants increase on
the trench sidewalls (by 19% and 17%), this suggests that ST250 is not effective against
oxidized carbon contaminants on the dielectric surface. From Table 5.1, it can be seen
that ST250 removes CuF2 contaminants more effectively than the plasma treatment.
However, the reduction of Cu oxides by N2/H2 plasma treatment is slightly more efficient
when compared to ST250. ST250 is better at removing carbon contaminants at the trench
bottom, but not at the sidewalls, in comparison to plasma treatment.
(iii) After NE111 Wet Clean
The effectiveness of NE111 in removing Cu2+contaminants from both the trench
bottom and the sidewalls is determined to be about 50% of ST250 effectiveness as shown
in Table 5.1. Coincidentally, the reduction in the CuF2 peak area is approximately half of
the reduction by ST250 as observed in Table 5.1. Its effectiveness in removing carbon
contaminants at both the trench bottom and at the sidewall is similar to NE111. However,
unlike ST250, NE111 removes the oxidized contaminants from the dielectric sidewalls
more efficiently than ST250.
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(iv) After N2/H2 plasma treatment followed by dilute HF
In an attempt to couple the N2/H2 plasma treatment with the wet cleaning, post-
etched patterned Cu trenches were subjected to N2/H2 plasma cleaning, followed by an
immersion in either dilute hydrofluoric acid (DHF), ST250 or NE111. As observed from
Tables 5.1 and 5.2, the N2/H2 plasma treatment and DHF cleaning removes the largest
amount of Cu2+contaminants from both the copper surface (25%) and dielectric sidewalls
(39%) among all the different types of cleaning processes employed. Indeed, the Cu2+
satellite feature disappeared in Figure 5.3(e) and the Cu(0) peak at 568 eV becomes more
distinct in the CuLMM Auger spectrum in Figure 5.4(e). This combination of cleaning is
also effective in removing CuF2 contaminants as shown in Table 5.1, where almost all the
CuF2 contaminants are removed from the trench bottoms and dielectric sidewalls.
However, the N2/H2 plasma treatment and DHF cleaning re-contaminates the surface,
particularly the sidewalls, with carbon contaminants as observed in Table 5.2. This is in
accordance with earlier findings that DHF dip cleaning usually suffers from carbon
contamination on the surface [10].
(v) After N2/H2 plasma treatment followed by ST250
When ST250 is applied after the N2/H2 plasma treatment, the overall effectiveness
of contaminant removal improves significantly in comparison to using either the N2/H2
plasma treatment cleaning or ST250 alone (Table 5.1). A N2/H2 plasma treatment process
followed by a ST250 immersion reduces 23% of the Cu2+contaminants and removes
nearly all the CuF2 (Figure 5.3(f)) on the surface. Additionally, it is able to remove the
majority of the oxidized carbon contaminants (Figure 5.5(f)). The remaining C 1s peak at
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286.3 eV is possibly due to the Si-O-C compounds of the CVD SiCOH film. With
reference to the dielectric sidewalls, the present cleaning combination is able to reduce
26% of the Cu2+present and is comparable to the effectiveness on the trench bottom
copper surface. The oxidized carbon compounds on the dielectric sidewalls also decrease
by 14% (at 286.3 eV) and 5% (at 288.5 eV). More importantly, the N2/H2 plasma
treatment and ST250 combination does not suffer from the recontamination of carbon
contaminants encountered by the N2/H2 plasma treatment followed by DHF cleaning.
(vi) After N2/H2 plasma treatment followed by NE111
The N2/H2 plasma treatment followed by NE111 cleaning is not proven as
effective as the N2/H2 plasma treatment followed by ST250 according to the results
shown in Table 5.1. The removal percentage of Cu2+ contaminants by the former is less
than half of the latter. Furthermore, CuF2 is still observed on the copper surface (Figure
5.6(g)). Hence, the present cleaning combination is not effective in removing CuF2
contaminants from the trench bottoms. The removal efficiency of oxidized carbon or
hydrocarbon contaminants is comparable to the N2/H2 plasma treatment and ST250 at
both the trench bottoms and the dielectric sidewalls. Similar to the N2/H2 plasma
treatment followed by NE111, the present cleaning combination also does not suffer from
the recontamination of carbon contaminants encountered by the N2/H2 plasma treatment
followed by DHF cleaning.
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Figure 5.3: Cu 2p XPS spectra of fluorocarbon RIE Cu trenches after various cleaning
processes, analyzed at a takeoff angle of 900 : (a) after etch, (b) N2/H2 plasma treatment,
(c) ST250, (d) NE111, (e) N2/H2 plasma treatment +DHF, (f) N2/H2 plasma treatment
+ST250 and (g) N2/H2 plasma treatment + NE111.
147





















Figure 5.4: Cu LMM XPS spectra of fluorocarbon RIE Cu trenches after various cleaning
processes, analyzed at a takeoff angle of 900 : (a) after etch, (b) N2/H2 plasma treatment,
(c) ST250, (d) NE111, (e) N2/H2 plasma treatment +DHF, (f) N2/H2 plasma treatment
+ST250 and (g) N2/H2 plasma treatment + NE111.
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Figure 5.5: C 1s XPS spectra of fluorocarbon RIE Cu trenches after various cleaning
processes, analyzed at a takeoff angle of 900 : (a) after etch, (b) N2/H2 plasma treatment,
(c) ST250, (d) NE111, (e) N2/H2 plasma treatment +DHF, (f) N2/H2 plasma treatment
+ST250 and (g) N2/H2 plasma treatment + NE111.
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Figure 5.6: F 1s XPS spectra of fluorocarbon RIE Cu trenches after various cleaning
processes, analyzed at takeoff angle of 900 : (a) after etch, (b) N2/H2 plasma treatment, (c)
ST250, (d) NE111, (e) N2/H2 plasma treatment +DHF, (f) N2/H2 plasma treatment
+ST250 and (g) N2/H2 plasma treatment + NE111.
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Table 5.1: Relative atomic percentage concentrations of the Cu and C contaminants on
post-etch trenches after subjected to different cleaning treatments, analyzed at a takeoff












Cu [Cu,Cu2O] 49 58 53 51 74 72 59
Cu(+2) [CuO,Cu(OH)2,CuF2] 51 42 (-9)* 47 (-4) 49 (-2) 26 (-25) 28 (-23) 41 (-10)
C [CH] 37 53 65 70 66 70 72
C [C-O-C,Si-O-C] 37 26 (-11) 26 (-11) 21 (-16) 23 (-14) 30 (-7) 28 (-9)
C [CO-C,CO-O-C] 26 20 (-6) 9 (-17) 9 (-17) 12 (-14) - -
F [CuF2] - peak area 1960 1902 179 1042 136 - 744
*(Numbers in brackets refer to changes in relative atomic percentage with respect to post-etch values after
different cleaning treatments).
Table 5.2: Relative atomic percentage concentrations of the Cu and C contaminants on
post-etch trenches after subjected to different cleaning treatments, analyzed at a takeoff











Cu [Cu,Cu2O] 42 56 54 48 81 68 63
Cu(+2) [CuO,Cu(OH)2,CuF2] 58 44 (-14)* 46 (-12) 52 (-6) 19 (-39) 32 (-26) 37 (-21)
C [CH] 61 62 25 66 52 80 69
C [C-O-C,Si-O-C] 27 23 (-4) 46 (+19) 18 (-9) 31 (+4) 13 (-14) 23 (-4)
C [CO-C,CO-O-C] 12 15 (+3) 29 (+17) 15 (+3) 17 (+5) 7 (-5) 8 (-4)
F [CuF2] - peak area 1192 826 - - - - -
*(Numbers in brackets refer to changes in relative atomic percentage with respect to post-etch values after
different cleaning treatments).
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5.3.3 Corrosion Inhibition in Inhibitor-Added ST250 solution
The inhibitive action of three organic inhibitors studied in previous chapters:
benzotriazole (BTA), dodecanethiol (DT) and 4-isopropylbenzenethiol (4-IP-BT), on the
corrosion behavior of Cu was investigated in the commercial post-etch stripper ST250
solution via electrochemical methods. Figure 5.7 represents the polarization curves of Cu
in different 1 mM inhibitor-added ST250 solutions. The addition of the three inhibitors
(i.e., BTA, DT and 4-IP-BT) in the ST250 solution shifts the corrosion potential (i.e.,
open circuit potential) of copper cathodically and markedly lowers both the anodic and
cathodic current densities. This is especially true for DT and 4-IP-BT. This implies that
the inhibitors added acted as the mixed-type inhibitors and lowered corrosion reactions
by blocking the Cu sites probably through chemisorption in providing a geometrical
coverage over the substrate surface as studied previously. The corrosion potential and
corrosion current density for the four corrosion systems were determined by the Tafel
extrapolation method. The values of electrochemical parameters were evaluated and they
are presented in Table 5.3. The corrosion current reflects the rate and the severity of the
corrosion, while the corrosion potential shows the thermodynamic driving force of the
corrosion [11]. It is observed from Table 5.3 that with the addition of the inhibitors, the
corrosion potential is less noble, as the thermodynamic driving force of Cu corrosion in
an inhibitor-added ST250 decreases in comparison to one in a clean ST250 solution. In
addition, the large reduction in the corrosion current density of the inhibitor-added ST250
solution shows that the inhibitors are effective in reducing or preventing the corrosion of
Cu when added to the stripper. The order of protection (i.e., decreasing current density)
is: 4-IP-BT added > DT added > BTA added > clean ST250.
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Electrochemical impedance scans were also conducted on the Cu substrates in the
inhibitor added ST250 solution. Before each impedance measurement, the corrosion
potential of Cu was measured by allowing the Cu substrate to stabilize in the tested
solution for about one hour. Figure 5.8 represents the impedance curves of Cu in different
inhibitor-added ST250 solutions. The charge transfer resistance, Rt, reflects the Cu
corrosion rate in corrosive solutions. The smaller the Rt, the faster is the corrosion rate.
The values of Rt of the various systems are calculated and presented in Table 5.3. It is
observed that 4-IP-BT added ST250 system offers the largest Rt, while the clean ST250
system offers the least Rt to the corroding Cu and the order of protection (i.e., increasing
impedance) is: 4-IP-BT added > DT added > BTA added > clean ST250. This conforms
to the polarization results on the order of decreasing corrosion current densities and the
earlier results (in previous chapters) on their respective inhibition efficiencies. This
shows that organic inhibitors can be added in situ to the corroding system to reduce Cu
corrosion to achieve a corrosion-free interface for good electrical contacts.










clean ST250 -33 1.47E-05 1.48
BTA -46 1.22E-05 2.95
DT -44 3.55E-06 7.77
4-IP-BT -61 1.44E-06 10.6
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2  1 mM BTA added
3  1 mM DT added 
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Figure 5.7: Polarization plots of the copper substrate in ST250 solution with 1 mM of
different inhibitors added to the stripper solution.
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 1 mM BTA added 
 1 mM DT added 
 1 mM 4-IP-BT added 
Figure 5.8: Impedance plots of copper substrate in ST250 solution with 1 mM of different
inhibitors added to the stripper solution.
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5.4 CONCLUSIONS
The nature of contamination on the copper surfaces and the sidewalls of the multi-
layer dielectric stack of patterned trenches after a fluorocarbon etching has been
characterized. The effectiveness of the N2/H2 plasma treatment followed by wet cleaning
(involving ST250, NE111 and DHF) in removing Cu, C, F and O–containing
contaminants left on the trench surfaces has been compared and evaluated. The copper
surface at the trench bottoms and the dielectric sidewalls was analyzed separately by
angle-resolved XPS after each cleaning step.
The N2/H2 plasma treatment is relatively poor in removing CuF2 contaminants and
oxidized carbon contaminants on the dielectric sidewalls in comparison to other cleaning
methods. ST250 is very effective in removing any CuF2 contaminants on the Cu surface
both at the trench bottoms and dielectric sidewalls. However, ST250 causes carbon
contaminants on the dielectric sidewalls to increase. NE111 has a similar effectiveness as
ST250 in removing carbon contaminants, but it is half as effective as ST250 in removing
Cu-, O- or F-contaminants. A two-step cleaning process that uses a N2/H2 plasma
treatment followed by wet cleaning helps to improve contaminant removal. The N2/H2
plasma treatment followed by DHF cleaning removes the largest amount of Cu2+
contaminants from both the trench bottoms and dielectric sidewalls, especially CuO.
N2/H2 plasma treatment followed by ST250 has been shown to be the best cleaning
process among all the various cleaning methods. However, the cleaned surfaces of the Cu
trenches by this method are still not found to be completely free of contaminants,
especially copper(I) oxide, Cu2O. Hence, further treatment is needed to complete the
cleaning process in order to achieve a contaminant free and low contact resistance
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interconnection. It has been demonstrated that organic inhibitors can be added in post-
etch strippers to reduce corrosion rate and corrosion current density. However,
understanding the contribution of the corrosion inhibitor in suppressing the attack of
specific component of the stripper to prevent Cu corrosion is essential for choosing or
developing future corrosion-free polymer residue strippers.
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The corrosion and protection of copper are important issues in corrosion science
and engineering. This research project focuses on the characterization and protection of
copper corrosion through the use of organic inhibitors. The project attempts to identify
the key factors that affect the inhibition efficiency of an organic inhibitor against
corrosion, both in ambient air and aqueous media. This information is important in
designing effective protection against Cu corrosion.
The effectiveness of a corrosion inhibitor depends on a number of factors, such as
the structure and chemical make-up (functional groups) of the inhibitor, the stability of
the chelate and the experimental conditions, such as the inhibitor concentration, the
temperature of deposition, deposition time and the type of solvent used. It is determined
that efficiency of the inhibitor increases as the inhibitor concentration, the temperature
and the time of deposition increase. With increasing inhibitor concentration, more
inhibitors are present at the adsorption site of the Cu interface, and the probability of
coordination between the inhibitors and the Cu increases. The increase in the charge
transfer resistance, Rt, with increasing concentration at short deposition times also
suggests that the Cu surface has not yet been saturated with inhibitor molecules. This
shows that geometrical coverage of the inhibitor on the Cu surface influences the efficacy
of the film inhibition. The increase in Rt with an increase in deposition temperature
suggests chemisorption of the inhibitors on the metal surface. The increase in Rt with
increasing deposition time of the inhibitor suggests that subsequent layers are adsorbed
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either physically or chemically onto the initial chemisorbed monolayer on the Cu surface,
leading to a multilayer structure that corresponds to an increase in film thickness of the
film. The efficiency of the inhibitor also increases when a non-polar aprotic solvent is
used in depositing the inhibitive film in comparison to using a polar protic solvent. This
is due to the higher solubility of organic molecules in a non-polar aprotic solvent, which
results in more efficient adsorption and arrangement of the molecules on the Cu surface.
The stability of the chelate is an important factor in determining the efficiency among the
inhibitors, whereby sulfur-containing molecules provide better inhibition efficiency
against corrosion in comparison to nitrogen-containing molecules based on
electronegativity. It is also found that the packing density of the molecules is important in
influencing the film inhibitive properties as an organized and densely packed film is able
to provide a greater barrier against the transport of corrosive species in comparison to the
resistance offered by a much thicker organic film.
We have determined the effects on the inhibition efficiency of different
substituted functional groups on the benzene ring of an aromatic inhibitor, viz.
benzenethiol. The structure of the inhibitors influences their inhibition efficiency and is
strongly affected by the type and the position of the substituted functional groups on the
aromatic organic molecules. The nature and degree of the electronic perturbations (i.e.,
electron-donating or electron-withdrawing) by the substituted functional groups affect the
bonding reaction of the aromatic inhibitor to the copper surface. More importantly, the
hydrophobicity and the size of the substituent influence the barrier properties of the film,
as it serves as an additional protective layer in blocking out corrosive ionic species from
reaching the substrate. The effect on the inhibition efficiency of the position of the
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substituent on the benzene ring of an aromatic inhibitor increases from: ortho > meta >
para, relative to the binding entity as the position of the substituent on the benzene ring
influences the resonance effect of the ring. As a result, the transmission mechanism of the
electrons within the ring is affected and this affects the adsorption of the inhibitor onto
the copper surface.
We have characterized the Cu, C, F and O–containing contaminants on the
surfaces and the sidewalls of the multi-layer dielectric stack of the patterned copper
trenches, used in making integrated circuitry, after a fluorocarbon etch. These
contaminants are best removed using a two-step cleaning process: A N2/H2 plasma
treatment followed by wet cleaning (ST250 solvent). The reduction mechanism of the
plasma treatment (N2/H2) is due to the reaction of hydrogen with the fluorine from CuF2
contaminants to form volatile HF compounds and with the oxygen from CuO to form
water vapor, with the copper compound being simultaneously reduced to Cu metal in
both instances. The ST250 solution primarily uses fluoride chemistry (NH4F) to etch the
underlying Cu and surface Cu oxides are subsequently rinsed away. We have also
demonstrated that organic inhibitors can be added in post-etch strippers (i.e., ST250) to
reduce corrosion rate and corrosion current density. However, understanding the
contribution of the corrosion inhibitor in suppressing the attack of the specific component
of the stripper to prevent Cu corrosion is essential for developing future corrosion-free
polymer residue strippers.
In conclusion, this project has successfully determined the factors that influence
the inhibition efficiency against copper corrosion of the various organic inhibitors studied
and has attempted to apply them in a commercial post-etch stripper that is commonly
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used in the semiconductor industry, which is rapidly switching to copper as the
interconnection material. The information obtained from this study is critical in providing
the rationale for the selection and molecular design of inhibitors against Cu corrosion.
